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ABSTRACT 

The  report  is  divided  into  seven  chapters:  Chapter  1  gives  a 
short  introduction  to  applications  of  pyrolysis  techniques  in 
different  areas  of  chemical  research.  Chapter  2  is  devoted  to 
the  application  of  mass  spectrometr ic  techniques  for  the  analy¬ 
sis  of  gas-phase  reactions.  The  applicability  of  field  ioniz¬ 
ation  and  collision  activation  mass  spectrometry  is  illustrated 
by  studies  on  isomerization  reactions  of  carboxylic  acid  esters 
and  the  thermal  decomposition  of  1 , 2-oxathiolane .  The  import¬ 
ance  of  reference  structures  is  discussed.  Chapter  3  gives  de¬ 
tails  on  the  sample/inlet  systems  applicable  to  the  pyrolysis- 
mass  spectrometry  system.  Chapter  4  discusses  the  low-pressure 
pyrolysis  reaction,  with  special  emphasis  on  reactors  based  on 
the  inductive  heating  principle.  The  temperature  control  of  the 
reactors  is  discussed  in  terms  of  a  'multitemperature '  filament, 
as  the  basis  for  the  concept  of  Pulse  Pyrolysis.  The  influence 
of  surface  composition  on  the  course  of  reaction  is  discussed, 
advocating  for  the  application  of  gold  coated  surfaces  to  mini¬ 
mize  surface-promoted  reactions.  Chapter  5  deals  with  low-pres¬ 
sure  gas-kinetics  on  the  basis  of  an  empirical  'effective 
temperature'  approach.  Chapter  6  gives  a  short  summary  of  the 
main  achievements,  which  are  the  basis  for  the  present  report 
and  Chapter  7  is  the  reference  list.  A  Danish  summary  and  18 
appendices,  consisting  of  previously  published  papers  in  the 
period  1980-1986  are  included  as  separate  sections. 
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And  we  all  praise  famous  men  - 
Ancients  of  the  College ; 

For  they  taught  us  common  sense  - 
Tried  to  teach  us  cormon  sense  - 
Truth  and  God's  Own  Common  sense 3 
Which  is  more  thar :  knowledge! 

(R.  Kipling) 


PREFACE 

\i 

The  present  report  highlights  applications  of  mass  spectrometr ic 
techniques  in  the  analysis  of  low-pressure  pyrolytic  reactions, 
based  on  work  carried  out  at  the  Chemistry  Department,  Risa 
National  Laboratory.  The  Riso  contributions  to  this  field  of 
research  started  in  1979.  The  studies  at  Rise  have  all  been 
carried  out  in  close  collaboration  with  Helge  Egsgaard.  Other 
collaborators  have  been  Ernst  Schaumann  (Hamburg),  David  N. 
Harpp  (Montreal),  Gordon  H.  Whithaai  (Oxford),  Susanne  Elbel 
(Hamburg),  and  Elfinn  Larsen,  Palle  Pagsberg,  and  Peter  Bo 
(Rise).  ) 

The  work  was  originally  initiated  in  an  attempt  to  extend  a 
study  on  the  photolysis  of  thioketene  S-oxides  (L.  Carlsen  and 
E.  Schaumann,  J.Chem.Soc.  Faraday  Trans.  1,  _7_5  (1979)  2624)  to 
include  also  the  thermal  fragmentation  patterns  of  these  species. 

V' 

The  major  part  of  the  work  summarized  in  the  present  report  has 
previously  been  published  in  the  below  mentioned  18  papers. 
Reprints  of  these  papers  are  included  in  this  report  as  appen¬ 
dices  1-18.  For  a  more  detailed  description  of  the  technique, 
and  especially  the  applications  the  appendices  1-7  and  8-18, 
respectively,  should  be  consulted. 
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1 .  INTRODUCTION 


Pyrolysis,  e.g.  reactions  initiated  by  high  temperatures,  is  a 
widely  used  technique  within  rather  different  areas  of  chem¬ 
istry,  ranging  from  pure  physical  chemistry  over  physical  or¬ 
ganic/inorganic  chemistry,  preparative  organic/inorganiv.  chem¬ 
istry  to  characterization  studies  in  geochemistry,  food  chem¬ 
istry,  polymer-,  biological/medical-,  and  forensic  sciences. 

The  application  of  pyrolysis  in  the  characterization  studies 
mentioned  typically  involves  pyrolytic  degradation  of  solid 
material  to  gaseous  products,  which  can  be  detected  by  gas 
chromatography  and/or  mass  spectrometry.  The  resulting  chroma¬ 
tograms,  often  named  pyrograms,  and  mass-spectra  are  frequently 
used  as  finger  prints  for  these  materials  otherwise  character- 
izable  only  with  diffculty,  such  as  humic  substances,  coals, 
bacterial  samples,  , kin-samples  and  paints.  A  series  of  detailed 
reports  of  these  applications  of  pyrolysis  can  be  found  in 
recent  reports  on  Analytical  and  Applied  Pyrolysis  (Voorhees, 
1984,  Schulten,  1985).  Reports  on  these  subjects  are  to  be  found 
typically  in  J.  Anal.  Appl.  Pyrolysis  (published  by  Elsevier, 
Amsterdam) , 

Pyrolysis  in  preparative  organic  chemistry  appears  as  an  ef¬ 
fective  technique  for  generating  a  variety  of  species,  which 
cannot,  or  only  with  difficulty,  be  achieved  by  ordinary  syn¬ 
thetic  procedures  (Wiersum,  1984).  Also  the  formation  of  reac¬ 
tive  species,  which  subsequently  can  be  trapped  and  used  as 
reaction  partners  is  of  great  importance.  Available  literature 
up  to  the  end  of  1977  in  this  field  has  comprehensively  been 
compiled  by  Brown  (1980)  in  his  monograph  'Pyrolytic  Methods  in 
Organic  Chemistry'. 
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Within  the  field  of  physical  organic/inorganic  chemistry  py¬ 
rolysis  are  often  used  as  the  technique  for  generating  highly 
reactive  species  in  diluted  gas-phase  in  order  to  study  these 
compounds  spectroscopically.  The  analysis  can  be  carried  out 
either  directly  on  the  gaseous  reaction  mixture  (microwave 
spectroscopy  (Bak  and  Svanholt,  1983),  photoelectron  spectro¬ 
scopy  (Bock  and  Solouki,  1981),  mass  spectrometry  (Holdiness, 
1984))  or  following  trapping  of  the  pyrolyzates  on  a  cold  KBr 
or  quartz  plate,  the  product  mixture  being  analyzed  by  low- 
temperature  infra-red  or  electronic  absorption  spectroscopy 
(Mayo,  1972).  The  physical  organic/inorganic  chemistry  appli¬ 
cation  of  pyrolysis  also  covers  the  area  of  mechanistic  studies 
elucidating  high-temperature-initiated  reaction  pathways  such 
as  fragmentations,  isomerizations,  and  rearrangements  (Carlsen 
and  Egsgaard,  1980,  Egsgaard,  Larsen  and  Carlsen,  1982). 

whereas  the  former  application,  i.e.  identification  of  a  new 
highly  reactive  species,  is  rather  closely  connected  to  the 
above-mentioned  preparative  use,  the  latter,  i.e.  the  mecha¬ 
nistic  studies,  is  on  the  borderline  of  pure  physical  f'hemi- 
cal  pyrolytic  studies.  Typically  the  latter  deals  with  gas- 
phase  kinetics  of  well-known  reactions,  an  area  which  has  been 
developed  to  a  high  degree  of  sophistication  (Quack,  1984). 
The  complicated  (at  least  from  an  organic  chemists  point  of 
view)  mathematics  requires  extensive  use  of  computers. 

An  important  factor  in  gas-phase  pyrolysis  studies  is  the  mean 
residence  time,  trar,  of  the  molecules  in  the  pyrolysis  reactor, 
i.e.  the  hot  zone.  In  order  to  avoid  the  occurrence  of  consecu¬ 
tive  reactions,  i.e.  repyrolysis  of  primary  generated  products, 
it  is  desirable  that  tmr  be  as  low  as  possible.  Generally,  the 
term  Flash  Vacuum  Pyrolysis  (FVP)  is  used  when  the  mean  residence 
time  is  less  than  1  sec.  (Seybold,  1977).  However,  in  the  case 
of  low-pressure  pyrolysis,  mean  residence  times  several  orders 
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of  magnitude  lower  are  often  used,  typically  in  the  range  of 
1-100  ms  (Hedaya,  1969).  For  the  latter  type  of  studies  Golden, 
Spokes  and  Benson  (1973)  introduced  the  term  Very  Low  Pressure 
Pyrolysis  (VLPP).  In  these  set-ups  the  reactors  are  typically 
constructed  in  such  a  way  that  they  fulfil  the  requirements  for 
a  so-called  Knudsen  reactor,  which  means  that  the  mean  residence 
time  of  the  molecules  in  the  reactor  is  a  function  of  the  reac¬ 
tor  geometry  and  -temperature  alone.  Thus, tmr  is  independent  of 
the  internal  pressure. 

The  present  report  focuses  on  the  physical  organic/inorganic 
application  of  pyrolysis,  advocating  for  the  superiority  of  di¬ 
rect  analysis  techniques,  as  mass  spectrometry  of  low-pressure 
gas-phase  pyrolytic  reactions.  In  the  present  context,  low- 
pressure  pyrolysis  refers  to  reactions  carried  out  at  high 
temperature,  in  general  above  750K,  at  pressures  typically 
below  10"3  tort,  ensuring  in  practice  that  only  unimolecular 
reactions  take  place. 

Schematically  the  experimental  set-up  can  be  illustrated  as  in 
the  block  diagram  Fig.  1-1. 


Sample  Inlet  Pyrolysis  interface  Analysis  Output 

System  Reactor 


Fig*  1-1.  Block  diagram  for  pyrolysis  experiment. 


The  aims  with  the  present  study  have  been  to  develop  a  pyrolysis 
system  based  on  mass  spectrometry  as  detection  system,  as  well 
as  to  demonstrate  its  applicability  to  mechanistic  problems 
within  organic  chemistry. 

These  investigations  have  involved  studies  in  the  area  of  inlet 
systems,  reactor  design  and  analysis  techniques.  One  main 
achievement  has  been  the  introduction  of  the  inductive  heating 
principle  for  gas-phase  pyrolytic  studies,  including  the  devel¬ 
opment  of  the  'multi-temperature  filament'.  A  second  achievement 
of  major  importance  has  been  the  unique  application  of  field- 
ionization  mass  spectrometry  (FIMS)  and  collision  activation 
mass  spectrometry  (CAMS)  to  studies  of  gas-phase  pyrolysis 
reactions.  Especially  the  avantageous  application  of  stable 
isotopes  as  2H,  13C,  180,  and  34S  is  strongly  emphasized. 

With  regard  to  the  applications  new  information  obtained  on 
isomerization  reactions  of  esters  and  mechanistic  studies  on 
the  thermal  stability  of  the  1 ,2-oxathiolane  system  can  be 
regarded  as  being  of  major  importance.  These  results,  which 
exemplify  the  versatility  and  capabilities  of  the  pyrolysis  - 
mass  spectrometry  system,  could  most  probably  only  with  diffi¬ 
culty,  if  at  all,  have  been  obtained  applying  different  tech¬ 
niques  . 

The  gas-phase  pyrolysis  reactions  may  be  carried  out  in  a  flow 
system,  which  in  general  will  be  the  most  suitable.  However, 
the  mass  spectrometer  used  for  the  studies  described  in  this 
report,  is  equipped  with  a  thermostatable  gas  inlet  system, 
which  may  be  used  for  studies  in  a  static  system. 

In  Figs.  1-2  and  1-3  flow  charts  summarize  the  course  of  an 
analysis  of  a  w-pressure  gas-phase  pyrolytic  reaction  by  mass 
spectrometr ic  techniques.  In  the  following  sections  the  single 
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parts  of  the  pyrolysis  system  (of.  Fig.  1-1)  will  be  treated 
in  detail  separately.  However,  to  secure  the  understanding  of 
the  fundamentals  of  the  mass  spectrometr ic  techniques  applied, 
the  analysis  part  will  be  treated  first.  A  final  section  is 
devoted  to  preliminary  studies  on  gas  kinetics. 
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DYNAMIC  PYROLYSIS 

STATIC  PYROLYSIS 

p  <  0.001  mmHg 

P  <  0 . 1  mmHg 

T  <  1A00K 

T  <  500K 

> _  .  ^ 

Fig-  1-2.  Flow  chart  for  low-pressure  pyrolysis 
spectrometry  studies. 


Fig.  1-3.  Flow  chart  for  dynamic  low-pressure  pyrolysis 
studies. 


2.  THE  DETECTION  SYSTEM 


Usually  three  different  detection  systems  are  applied  in  the 
direct  analysis  of  low  pressure  pyrolytic  reactions.  These  are 
microwave  spectroscopy ,  photoelectron  spectroscopy,  and  mass 
spectrometry.  All  three  types  of  detection  systems  exhibit  ad¬ 
vantages  as  well  as  disadvantages.  In  the  following  the  appli¬ 
cability  of  mass  spectrometry  as  detection  system  is  summarized. 

Often  significant  discrepancies  can  be  observed  studying  pyrol¬ 
ysis  reactions  applying  different  systems.  A  variety  of  factors 
may  account  for  these  apparent  controversies.  Among  others  reac¬ 
tor  geometry  and  material,  temperature  distribution  and  transfer 
time  from  reactor  to  analysis  equipment  can  be  mentioned  as 
possibly  being  responsible.  A  detailed  discussion  of  these 
problems  is,  however,  outside  the  scope  of  the  present  study. 


2.1.  Mass  Spectrometry 

The  application  of  mass  spectrometr ic  techniques  in  the  study 
of  low  pressure  gas  phase  pyrolytic  processes  appears  without 
doubt  as  the  more  versatile  course. 

Mass  spectrometry  as  detection  system  for  pyrolysis  studies  has 
been  applied  as  early  as  1948  (Madorski  and  Strauss,  1948)  and 
in  connection  with  flash  vacuum  pyrolytic  studies  Hedaya  (1969) 
used  mass  spectrometry  in  the  study  of  nickelocene  pyrolysis. 
The  utility  of  mass  spectrometry  in  gas  phase  kinetic  studies 
has  been  outlined  by  Golden,  Spokes  and  Benson  (1973),  a  feature 
which  will  be  dealt  with  in  a  proceeding  section.  In  the  field 
of  solid  state  pyrolysis  the  combination  of  Curie-point  pyrol¬ 
ysis  units  and  mass  spectrometers  has  been  reported  by  several 
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authors  (cf.  Meuzelaar  et  al.,  1973,  Meuzelaar  et  al . ,  1984, 
Schmid  and  Simon,  1977;  and  references  cited  therein). 

Recently  we  introduced  the  Curie-point  pyrolysis  principle  for 
gas  phase  reactions  (Carlsen  and  Egsgaard,  1980),  the  method 
being  based  on  a  direct  combination  of  the  pyrolysis  unit  and 
the  ion  source  of  a  mass  spectrometer.  The  introduction  of  the 
so-called  soft  ionization  modes,  as  field  ionization  mass  spec¬ 
trometry  (FIMS)  (Jason  and  Parr,  1976,  Beckey,  1971)  as  well  as 
MS-MS  techniques  as  collision  activation  mass  spectrometry 
(CAMS)  (Levsen  and  Beckey,  1974)  has  opened  up  a  new  dimension 
in  the  analysis  of  low  pressure  pyrolytic  reactions,  which 
advantageously  has  been  used  for  the  gas  phase  Curie  point 
pyrolysis-mass  spectrometry  technique  (Carlsen  and  Egsgaard, 
1980;  Egsgaard,  Larsen,  and  Carlsen  1982),  the  experimental 
set-up  being  visualized  in  Fig.  2-1. 

The  advantageous  pairing  of  the  direct  combination  of  the  pyrol¬ 
ysis  unit  with  field  ionization  mass  spectrometry,  in  contrast 
to  the  classical  electron  impact  mass  spectrometry  (EIMS)  is  to 
be  sought  for  in  the  principle  of  field  ionization  (Jason  and 
Parr,  1976,  Beckey,  1971).  Since  field  ionization  takes  place 
with  no  excess  energy  to  the  neutral  molecule,  excluding  polar¬ 
ization  induced  by  the  high  electric  field  (Jason  and  Parr, 
1976),  this  ionization  mode  gives  rise  to  molecular  ions  -  even 
of  highly  unstable  molecules  -  accompanied  by  very  few,  if  any, 
fragment  ions,  generally  of  low  intensity  ( <  1  % )  (Beckey,  1971). 
Hence,  the  detection  system  offers  the  possibility  of  analyzing 
even  very  complex  reaction  product  mixtures.  Electron  impact 
ionization,  on  the  other  hand,  may  result  in  complicated  frag¬ 
mentation  patterns,  which  eventually  may  lead  to  confusion  as 
they  are  to  be  described  as  superpositions  of  EIMS  spectra  of 
several,  and  often  unknown,  reaction  products. 
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The  applicability  of  FIMS,  in  contrast  to  EIMS,  as  detection 
system  of  pyrolysis  studies  is  convincingly  elucidated  by  the 
spectra  depicted  in  Fig.  2-2,  showing  the  FIMS,  13  eV  EIMS, 
and  70  eV  EIMS  spectra,  respectively,  following  pyrolysis  of 
3 ,3-dimethyl-2-isopropyl  (thiobutanoic)acid  O-trimethylsilyl 
ester  (I)  (Carlsen  et  al.,  1980)  at  1043K  (Carlsen  and  Egsgaard, 
1980)  . 
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Without  discussing  the  rather  confusing  complex  product  com¬ 
position,  which  e.g.  includes  the  three  possible  ketenes  and 
carbenes  (Carlsen  and  Egsgaard,  1980),  Fig.  2-2  visualizes  the 
difficulties  associated  with  the  use  of  EIMS,  even  low-voltage 
EIMS,  as  a  detection  system.  Apparently  compound  I,  as  well  as 
the  pyrolysis  product,  strongly  fragments  under  70  eV  EIMS 
conditions.  Thus,  in  several  cases,  in  contrast  to  the  FIMS 
spectra,  no  molecular  ions  are  observed.  The  low  voltage  EIMS 
spectrum  may  seem  even  more  confusing  in  the  present  case,  as 
it  exhibits  more  pronounced  molecular  ions  together  with  the 
fragment  ions  originating  from  the  more  energetically  favoured 
fragmentation  pathways.  In  other  words,  the  latter  spectrum  to 
a  certain  extent  can  be  regarded  as  a  superposition  of  the  FIMS 
and  the  70  eV  EIMS  spectra. 

A  clear  disadvantage  using  field  ionization  mass  spectrometry 
in  the  present  context  is  the  inability  of  this  technique  to 
detect  small  inorganic  fragments,  which  are  often  generated  by 
pyrolysis  of  organic  molecules,  due  to  very  low  FI  sensitivi¬ 
ties,  as  well  as  for  ion  source  geometric  reasons  (Beckey,  1971). 


Fig.  2-2.  FI-MS,  13  eV  EI-MS,  and  70  eV  EI-MS  spectra  ob¬ 
tained  following  flash  vacuum  thermolysis  of  I  at  1043  K 
Since  I  is  totally  degraded  at  this  temperature  no  mol 
ecular  ion  {M  =  246)  is  observed. 
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Although  extremely  valuable  important  primary  information  on 
product  compositions  are  obtained,  obviously  field  ionization 
mass  spectrometry  alone  does  not  give  the  eventual  answer  as 
to  the  identity  of  the  single  species,  since  only  molecular 
weights  are  determined.  To  elucidate  the  nature  of  the  single 
components  further  collision  activation  mass  spectrometry 
appears  as  a  highly  effective  tool  (Egsgaard,  Larsen,  and  Carl- 
sen,  1982)  . 

Due  to  comparable  internal  energies  of  the  f ragmentat ing  ions 
generated  by  collision  activation  and  electron  impact  as  well 
as  their  residence  time  in  the  field-free  regions  and  the  ion 
source,  respectively,  CA  and  El  mass  spectra  resemble  each 
other  to  a  certain  extent  (McLafferty  et  al.,  1973a,  McLafferty 
et  al.,  1973b,  Levsen  and  Schwarz,  1976).  Hence,  the  fragmen¬ 
tation  pattern  of  single  components  in  the  pyrolysis  mixture 
can  be  obtained  without  interference  from  even  large  quantities 
of  other  species.  This  means  that  valuable  structural  informa¬ 
tion  may  be  obtained  by  applying  the  fragmentation  rules  known 
from  electron  impact  mass  spectrometry. 

Much  more  important,  however,  is  the  possibility  of  comparing 
CAMS  spectra  of  single  field  ionized  pyrolysis  products  with 
those  of  possible  authentic  samples,  whereby  unequivocal  veri¬ 
fication  can  be  obtained.  To  illustrate  this  procedure,  the 
gas  phase  pyrolytic  decomposition  of  1 , 2-oxathiolane  (II)  to 
acrolein  and  allyl  alcohol,  formed,  respectively,  by  H2S  and  S 
extrusion  from  the  intermediary  mercaptopropanal  may  serve  as 
an  example  (Carlsen,  Egsgaard,  and  Harpp,  1981;  Egsgaard, 
Larsen,  and  Carlsen,  1982;  Carlsen  and  Egsgaard,  1984a). 

— -  HSCHjCH2CHO  — a  ->  H2C  =  CH-CHO  +  H2C  =  CH-CH2OH 
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In  Fig.  2-3  the  partial  collision  activation  mass  spectra  or  the 
field  ionized  C3H6O  pyrolysis  product  is  visualized  together 
with  those  of  three  possible  structures,  i.e.  propanal,  oxetane, 
and  allyl  alcohol,  showing  close  resemblance  between  the  latter 
and  the  pyrolysis  product.  It  is  important  to  note  that  appli¬ 
cation  of  EIMS  combined  with  CAMS  in  this  case  leads  to  incor¬ 
rect  conclusions  concerning  the  identity  of  the  pyrolytically 
formed  C3H6O  isomer,  since  the  predominant  fraction  of  m/z  58 
observed  in  the  El  mass  spectrum  appears  to  be  an  El  induced 
fragment  of  the  molecular  ion  m/z  90,  exhibiting  a  different 
ionic  structure. 

The  major  pyrolysis  product,  acrolein,  was  easily  identified  by 
comparing  the  collision  activation  mass  spectrum  of  the  pyrolyt¬ 
ically  generated  product  with  that  of  an  authentic  sample. 

Despite  the  advocating  of  applying  of  field  ionization  mass 
spectrometry  combined  with  collision  activation  mass  spectrome¬ 
try,  noted  above,  it  is  emphasized  that  in  studies  of  isomeriz- 
ations  and  rearrangements,  where  both  the  starting  material  as 
well  as  the  isomerized/rearranged  product  of  necessity  exhibit 
the  highest  molecular  weight  of  the  reaction  mixture,  the  CAMS 
analysis  can  be  carried  out  advantageously  using  electron  impact 
ionization,  leading  to  a  significantly  increased  signal-to-noise 
ratio  (Egsgaard,  Larsen,  and  Carlsen,  1982). 

The  analysis  of  isomeric  compounds  constitutes  a  common  problem 
in  pyrolysis  experiments.  The  CAMS  analysis  technique  may  be 
applied  with  advantage  to  such  studies,  which  can  be  illustrated 
by  the  investigations  on  the  pyrolytic  isomerization  of  methyl 
acetate  and  the  corresponding  mono-  and  dithio  analogues. 


Fig.  2-3.  Partial  collision  activation  mass  spectra  of 
field  induced  molecular  ions  of  (a)  propanal,  (b)  oxetane, 
(c)  allyl  alcohol,  and  (d)  the  C3H5O  isomer  formed  pyrol- 
ytically  from  1 , 2-oxathiolane . 
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2.1.1.  Isomerization  Reactions 

The  isomerisation  of  alkyl  thionoacetate  into  the  corresponding 
thiolo  acetates  have  been  reported  by  Oele  et  al.  (  1972), 
Bigley  and  Gabbott  (1975)  and  Carlsen  and  Egsgaard  (1982a). 

S  SCH3 
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The  activation  data  for  the  reactions  have  been  estimated: 
Ea  «  45  kcal/mol,  log  A  «  1 3  s~ ' ,  the  thermodynamical  stabiliz¬ 
ation  of  the  thiolo  isomers  amounting  approximately  20  kcal/mol 
(Oele  et  al.,  1972,  Bigley  and  Gabbott,  1975). 

As  a  part  of  an  investigation  of  the  possible  formation  of  thio- 
ketenes  from  O-trimethylsilyl  esters  of  thiocarboxyl ic  acids 
(Carlsen  et  al.  1980)  we  reinvestigated  the  progress  of  isomeriz¬ 
ation  of  methyl  thionoacetate  to  the  corresponding  thiolo  ester 
as  a  function  of  pyrolysis  temperature  (Carlsen  and  Egsgaard, 
1982a)  applying  collision  activation  mass  spectrometry.  Based  on 
the  CA  mass  spectra  (Fig.  2-4)  the  degree  of  isomerization,  ex¬ 
pressed  as  the  thiono/thiolo  ratio  was  calculated  to  be  9,  1.0, 
and  <  0.C5  following  pyrolysis  at  1043,  1253  (not  shown),  and 
1404K,  respectively. 

The  unimolecular  thiono-thiolo  isomerization  proceeds,  of  neces¬ 
sity,  through  a  four-membered  transition  state,  which  most  prob¬ 
ably  exhibits  a  planar  structure  as  supported  by  theoretically 
obtained  results,  based  on  semiempir ical  MNDO  MO  calculations. 

The  possible  isomer izat ions  of  carboxylic  acid  esters  and  the 
corresponding  dithio  derivatives  cannot  be  studied  directly, 
due  to  the  identity  of  the  starting  material  and  the  isomerized 
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product,  in  contrast  to  the  monothio  species,  where  two  dis¬ 
tinctly  different  compounds,  although  with  identical  molecular 
weights,  were  to  be  detected.  Thus,  the  differencies  in  the 
collision  activation  mass  spectra  (cf.  Fig.  2-4)  facilitates 
the  elucidation  of  the  th iono-thiolo  isomerization. 


Owing  to  the  fragmentation  pattern  of  the  molecular  ions  under 
CA  conditions,  an  analogous  separation  of  the  starting  material 
at  the  isomerized  product  appeared  possible  studying  methyl 
acetate  and  methyl  dithioacetate  artificially  labelled  with  180 
and  34S,  respectively,  in  the  carbonyl/thiocarbonyl  function, 
respectively  (Carlsen,  Egsgaard,  and  Pagsberg,  1981;  Carlsen 
and  Egsgaard,  1984b). 
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The  existence  of 

a  pyrolytically  induced 

isomerizat ion  of  methyl 

acetate 

was  unequivocally 

demonstrated 

( Carlsen , 

Egsgaard  and 

Pagsberg 

,  1981) 

studying 

the  collision 

activation 

mass  spectra 

of  the  electron  impact- induced  molecular  ion  following  pyrolysis 
of  methylf 1 8o]acetate  at  different  temperatures  in  the  range 
1043-1 404K  (Fig.  2-5). 
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Fig.  2-4.  Collision  activation  mass  spectra  of  the  elec¬ 
tron  impact-induced  molecular  ions  of  methyl  thionoacetate 
without  thermolysis  (a),  following  thermolysis  at  883  K 
(b),  1043  K  (c),  and  1404  K  (d),  respectively,  and  un- 
thermolysed  methyl  thioloacetate  (e). 


Fig.  2-r. .  Collision  activation  mass  spectra  of  the  elec¬ 
tron  impact  induced  molecular  ion  of  methyl  [18o]acetate 
without  thermolysis  (a)  and  following  thermolysis  at 
1043  K  (b),  1253  K  (c),  and  1404  K  (d),  respectively. 
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The  increased  intensities  of  the  peaks  m/z  43  and  m/z  33  were, 
according  to  the  above  discussion  associated  with  an  increasing 
amount  of  CH3C(0) 1 8OCH3  in  the  pyrolyzate. 

Based  on  kinetic  considerations,  as  well  as  on  cross-over  exper¬ 
iments  (pyrolyzing  a  mixture  of  CH3C( 1 80)0CH3  and  CH3C(0)0CD3) 
we  (Carlsen,  Egsgaard,  and  Pagsberg,  1981)  excluded  the  involve¬ 
ment  of  an  acetoxyl/methyl  radical  pair,  as  a  result  of  a 
homolytic  O-CH3  bond  cleavage,  in  the  isomerization  reaction, 
concluding  the  intermediacy  of  a  planar,  symmetric  four-membered 
transition  state. 

It  appears  reasonable  to  formulate  the  reaction  as  a  result  of 
vibrational  excitation  of  two  specific  normal  modes  in  methyl 
acetate,  i.e.  the  0C0  and  the  COC  bends,  which  bring  about 
the  methyl  group  transfer.  This  suggestion  finds  strong  support 
in  infra-red  spectroscopic  studies  on  gaseous  methyl  acetate, 
which  demonstrated  that  the  ester,  processing  E-configuration, 
exhibits  two  in-plane  bending  modes  V15  639  cm"1  (0C0  bend)  and 
v^7  303  cm-1  (COC  bend),  as  well  as  a  combination  mode  942  = 
639  +  303  cm-1,  demonstrating  a  fairly  strong  coupling  between 
the  two  normal  modes  (George,  Houston,  and  Harris,  1974;  Wilms- 
hurst,  1957).  Hence,  the  threshold  energy  should  in  principle 
be  available  through  a  critical  set  of  quantum  numbers  (nc,  mc) 
above  which  the  two  individual  in-plane  bending  modes  degenerate 
into  one  single  'hand-to-hand'  vibration  (Fig.  2-6).  However, 
in  practice  it  does  not  appear  possible  due  to  lack  of  know¬ 
ledge  of  the  actual  shape  of  the  bending  potentials  involved. 

Based  on  semi-empirical  UNDO  MO  calculations,  we  estimated  that 
the  isomerization  of  methyl  acetate  should  be  significantly 
more  energy  demanding  than  the  methyl  thiono  methyl  thiolo 
acetate  isomerization  by  approximately  16  kcal/mol.  This  is  in 
agreement  with  the  considerably  lower  degree  of  isomerization. 
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Fig.  2-6.  Structure  of  methyl  acetate  ( - )  and  the 

transition  state  for  the  thermally  induced  isomerization 


<  )• 


at  a  given  temperature  £or  methyl  acetate,  than  for  the  corre¬ 
sponding  monothio  derivative  (compare  Figs.  2-4  and  2-5).  On 
the  other  hand,  the  possible  isomerization  of  methyl  dithio 
acetate  was  suggested  to  be  slightly  less  energy  demanding  by 
4  kcal/mol,  i.e.  an  activation  energy  approximately  20  kcal/mol 
below  that  of  the  methyl  acetate  isomerization.  Based  on  simple 
geometric  considerations  and  the  fact  that  the  ester  apparently 
posseses  an  E-configuration  (cf.  Scheithauer  and  Mayer,  1979), 
the  isomerization  of  methyl  d ithioacetate  appears  as  favourable 
as  that  of  methyl  acetate.  On  this  background  it  appeared  to  be 
rather  surprising  that  pyrolysis  of  methyl  [ 34S]dithioacetate 
unambiguously  revealed  the  absence  of  a  sulphur  to  sulphur 
methyl  group  migration,  as  demonstrated  by  the  identity  of  the 
collision  activation  mass  spectra  of  the  ester  before  and  after 
pyrolysis  at  temperatures  up  to  1253K  (Fig.  2-7)  (Carlsen  and 
Egsgaard,  1984b). 
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Fig.  2-7.  Collision  activation  mass  spectra  of  the 
electron  impact-induced  molecular  ion  of  methyl  [3l*s]di- 
thioacetate  without  pyrolysis  and  following  pyrolysis  at 
1253  K. 


Studies  on  several  other  dithio  esters,  including  methyl  [34S]- 
2, 2-dimethyl  dithiopropionate  and  methyl  [ 34S]-dithiobenzoate 
(Carlsen  and  Egsgaard,  unpublished)  and  methyl  N,N-dimethyl  [34S 
d ithiocarbamate  (Carlsen  and  Egsgaard,  1987)  analogously  demon¬ 
strated  the  apparent  absence  of  a  sulfur  to  sulfur  methylgroup 
migration. 

As  a  consequence  of  the  lacking  S  to  S  isomerization  the  possible 
operation  of  competing  rearrangement  reactions  was  studied.  Thus, 
the  absence  of  the  expected  isomerization  of  methyl  dithio- 
acetate  was  discussed  in  terms  of  a  possible  operation  of  an 
enethiol ization  reaction.^  blocking  the  thiocarbonyl  function. 
However,  since  no  changes  in  the  CA  mass  spectrum  could  be  re¬ 
corded  (cf.  Fig.  2-7)  the  reaction  is  supposed  to  be  reversible 
(Carlsen  and  Egsgaard,  1984b). 

Experimental  support  was  obtained  by  pyrolyzing  methyl  dithio- 
acetate  in  the  presence  of  D2O,  resulting  in  an  H-D  exchange, 
apparently  as  a  result  of  a  reaction  of  the  enethiole  and  sur¬ 
face  bound  D2O,  as  convincingly  demonstrated  by  studying  the 
intensity  of  the  irt/z  107  ion  (relative  to  m/z  106  and  108)b  as 
the  collision  activation  mass  spectrum  of  m/z  107  before  and 
after  pyrolysis  (in  the  presence  of  D2O)  (Fig.  2-8). 

The  spectra  unambiguously  demonstrated  the  incorporation  of  deu¬ 
terium  in  the  undecomposed  ester  (increase  in  m/z  107)  as  well 
as  the  eventual  position  of  the  deuterium  in  the  acid  methyl 
group  (increase  in  the  m/z  60  relative  to  m/z  59  in  the  CA 
spectrum),  in  accordance  with  the  tautomerism  suggested  above. 


a  enethiol  tautomers  of  certain  substituted  dithioacetic  acid 
esters  have  been  discussed  previously  (Scheithauer  and  Mayer, 
1979)  ■ _ 

b  before  pyrolysis  m/z  107  consists  of  isotopomers  exhibiting 
the  natural  abundance  of  one  13C  or  one  33S. 


KITH  CO-PYROLYSIS  110J3K 


WITHOUT  PYROLYSIS 


Fig.  2-8.  Partial  electron  impact  mass  spectra  and  par¬ 
tial  CA  mass  spectra  (0. 5-0.6  E)  of  the  electron-impact- 
induced  m/z  107  ion  of  methyl  dithioacetate  (a)  in  the 
presence  of  DjO  before  pyrolyis  and  (b)  after  pyrolysis 
at  1043  K. 
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The  above  discussed  thiocac’oonyl-enethiol-tautomerism  consti¬ 
tutes  obviously  only  part  of  the  explanation  for  the  apparent 
lack  of  isomerization.  Pyrolysis  of  methyl  [ 34S]-2 ,2-dimethyl 
dithiopropionate  gave  no  rise  to  information,  which  could 
indicate  the  operation  of  a  competing  isomerization,  which, 
by  analogy  would  yield  the  stable  1 ,1-di(methylthio)-2-methyl- 
1-propene.  However,  the  propene  could  not  be  detected  (Carlsen 
and  Egsgaard,  unpublished).  Hence,  the  eventual  answer  as  to 
the  abrence  of  sulphur  to  sulphur  methyl  group  migration  in 
methyl  dithiocarboxylates  apparently  is  pending. 


37 


2.2.  Static  Systems 

Although  the  mass  spectrometr ic  analysis  of  gas  phase  pyrolytic 
reactions  in  general  is  associated  with  pyrolysis  in  flow  reac¬ 
tors,  the  reactions  may  in  certain  cases  be  carried  out  under 
static  conditions,  maintaining  the  general  analysis  concept, 
however.  In  these  cases  the  reactors  appear  as  large  thermostated 
reservoirs  directly,  through  a  needle  valve,  connected  to  the 
detection  system.  In  principle,  this  technique  may  be  applied 
to  all  types  of  detection  systems.  However,  certain  mass  spec¬ 
trometers  are  equipped  with  thermostatable  gas-inlet  systems 
(temperatures  up  to  500  K  available),  which  constitute  an 
excellent  reactor  for  gas  phase  reactions  (see  e.g.,  Carlsen 
and  Ggsgaard,  1984a).  A  disavantage,  which  should  be  taken  into 
account,  is  the  relatively  high  operating  pressure  (ca.  0.1 
torr),  which  is  up  to  several  orders  of  magnitude  higher  than 
commonly  used  in  flow  reactors. 

As  obvious  substrates  to  be  studied  applying  the  static  pyrol¬ 
ysis  system  are  such  species,  which  are  reasonably  stable  in 
diluted  gas-phase  at  ambient  temperature,  however,  decomposing 
slowly  ( t i / 2  *  ^  min)  at  higher  temperature.  Typical  examples 
would  be  gaseous  species  produced  by  cracking  solid  material 
as  e.g.  3-mercapto  propanal  from  the  corresponding  oligomer 
(Carlsen  et  al.,  1984)  or  1 , 2-oxathiolane  from  3-(phthalimido- 
thio)propane-1-ol,  leaving  the  non-volatile  phthalimid  (Davis 
and  Whitham,  1981,  Carlsen  et  al.,  1981),  the  first,  and  hither¬ 
to  only  unsubstituted  cyclic  sulphenate  to  be  isolated. 
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We  reported  the  intermediacy  of  1 ,2-oxathiolane  in  the  gas- 
phase  pyrolyses  of  1 ,2-oxathiolane  2-oxide  and  thietane  1-oxide 
(Carlsen,  Egsgaard  and  Harpp,  1981),  partly  based  on  the  ob¬ 
served  pyrolysis  products.  These  were  acrolein  and  allyl  alco¬ 
hol.  Analogously  1 ,2-oxathietane  was  suggested  as  intermediate 
in  the  pyrolyses  of  1 ,2 ,3-oxadithiolane  2-oxide  and  thiirane 
1-oxide  (Carlsen  and  Egsgaard,  1982b). 


2.2.1.  1 ,2-0xathiolane 

We  studied  the  thermal  decomposition  of  1  ,2-oxathiolane  and 
thietane  1-oxide  in  a  static  system  at  temperatures  in  the 
range  of  400-450K,  the  eventual  product  in  both  cases  being 
acrolein  alone  (Carlsen  and  Egsgaard,  1984a).  Following  the 
progress  of  thermal  decomposition  of  1  ,2-oxathiolane  by  colli¬ 
sion  activation  mass  spectrometry  of  the  electron  impact-induced 
ion  m/z  90  and  comparing  it  to  those  of  authentic  1,2-oxathio- 
lane  (Carlsen  et  al.,  1981)  and  3-mercapto  propanal  (Carlsen  et 
al.  1984)  demonstrated  the  intermediacy  of  the  latter  (Fig. 
2-9),  as  the  spectra  depicted  in  Fig.  2-9b  and  c,  unambiguously 
are  to  be  assigned  as  superpositions  of  those  given  in  Fig. 
2-9a  and  d,  respectively  (Carlsen  and  Egsgaard,  1984a). 

An  analogous  set  of  CA  mass  spectra  elucidating  the  thermolysis 
of  thietane  1-oxide  is  depicted  in  Fig.  2-10  (Carlsen  and  Egs¬ 
gaard,  1984a). 

A  comparison  of  Figs.  2-10b  and  2-9a  strongly  suggest  the  pres¬ 
ence  of  considerable  amounts  of  1 , 2-oxathiolane  in  the  reaction 
mixture  responsible  for  the  former  spectrum.  Prolonged  thermo¬ 
lysis  (Fig.  2-10c  and  d)  resulted  in  fragments  characteristic 
for  3-mercapto  propanal  (cf.  Fig.  2-9d).  This,  combined  with 
the  fact  that  the  eventual  product  being  acrolein  which  also 
was  observed  as  the  only  product  upon  thermolysis  of  authentic 
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3-mercapto  pcopanal  (Carlsen  et  al.  1984)  unambiguously  demon¬ 
strated  the  operation  of  the  reaction  sequence 


HSCH,CH,CHO  — — * 

“  rwS 


h2c=chcho 


Further  elucidation  of  the  fate  of  1  ,2-oxathiolane  was  obtained 
by  studying  the  thermal  decomposition  of  the  5,5-dideutero  sub- 
stituded  species  (Carlsen  and  Egsgaard,  1984a).  It  appeared  that 
two  different  acroleins,  containing  one  and  two  deuterium  atoms, 
respectively,  were  produced  (Fig.  2-11). 

Partly  based  on  the  collision  activation  mass  spectra  of  the 
field  ionized  molecular  ions  of  the  single  acroleins  (Fig.  2-12) 
partly  on  the  rationalization  of  the  3-mercapto  propanal  decompo¬ 
sition,  the  two  acroleins  could  be  assigned  to  CH2=CH-CD0  and 
CD2=CH-CH0,  respectively. 


Eli] 


Fig.  2-9.  Collision  activation  mass  spectra  (CAMS)  of 
the  electron  impact-induced  molecular  ions  of  authentic 
1 . 2-oxathiolane  (a)  and  3-raercaptopropanal  (d),  and  of 
the  ion  m/z  =  90  obtained  following  35  (b)  and  50  (c)  min 
thermolysis  (450  K)  of  1 , 2-oxothiolane. 
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20  40  60  m/z 


Fig.  2-10.  Collision  activation  mass  spectra  (CAMS)  of 
the  electron  impact-induced  molecular  ions  of  authentic 
thietane  1-oxide  (a)  and  of  the  ion  m/z  =  90  obtained 
following  4  (b),  40  (c),  and  80  (d)  min  thermolysis  (450  K) 
of  thietane  1-oxide,  respectively. 
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Fig.  2-12.  Collision  activation  mass  spectra  of  the  field 
ionized  molecular  ions  of  acrolein  (c),  [ 1-2H]acrolein 
(b),  and  [ 3, 3- 2H2 lacrolein  (a)  obtained  following  thermo¬ 
lysis  of  1, 2-oxathiolane  and  [ 5, 5-2H2]-1 , 2-oxathiolane, 
respectively . 
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Based  on  the  information  discussed  above  we  rationalized  the 
thermal  decomposition  of  1  , 2-oxathiolane  as  follows  (Carlsen 
and  Egsgaard,  1984a). 


D  D 


1 


hscd2ch2cho  dsch2ch2cdo 

1  I 

D2C=CHCHO  +  H2S  H2C=CHCDO  +  HDS 


2.3.  The  Importance  of  Reference  Structures 

The  application  of  pyrolytic  techniques  to  generate  reference 
structures  for  mass  spectrometr ic  studies  has  been  reported, 
the  profitable  use  of  unimolecular  gas  phase  pyrolysis  being 
closely  connected  to  the  fact  that  this  technique  often  consti¬ 
tute  a  route  to  otherwise  non-accessible  structures.  This 
feature  of  gas  phase  pyrolysis  is  illustrated  by' the  formation 
of  N-phenylketenimine  from  acetanilide  (Egsgaard,  Larsen,  and 
Carlsen,  1982)  in  connection  with  mass  spectrometric  studies  of 
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phenyl  pyrazoles  (Pande  et  al.,  1981),  phenyl  imidazoles  and 
phenyl  triazoles  (Larsen  et  al.,  to  be  published),  as  well  as 
by  the  formation  of  isomeric  phenyl  azirines  from  "styryl 
azides" (Larsen,  Egsgaard,  and  Jorgensen,  to  be  published). 

The  reverse  situation,  i.e.  mass  spectrometr ic  generation  of 
reference  structures  for  pyrolysis  studies,  is  likewise  of 
interest,  as  the  elucidation  of  ion  structures  can  be  carried 
out  by  numerous  methods.  Hence,  a  well-defined  ion  can  be  the 
rational  basis  for  the  identification  of  an  unknown  neutral 
compound,  e.g.  formed  pyrolytically,  by  the  application  of  MS- 
MS  techniques,  as  e.g.  collision  activation  mass  spectrometry. 
This  aspect  can  be  illustrated  by  the  search  for  the  neutral 
aci-tautomer  of  nitromethan  among  the  products  generated  by 
low-pressure  pyrolysis  of  nitroalkanes  (Egsgaard,  Carlsen,  and 
Elbel,  1986).  The  reference  ion  (CH2=N(0)0H+‘ )  is  easily  access¬ 
ible  by  specific  electron  impact- induced  elimination  of  ethylene 
from  the  molecular  ion  of  1 -nitropropane  (Nibbering,  deBoer, 
and  Hofman,  1965). 

As  visualized  in  Fig.  2-13  collision  activation  mass  spectro¬ 
metry  appears  as  highly  specific,  as  the  spectra  of  the  two  iso¬ 
mers  exhibit  destinct  characteristics.  Hence,  the  formation  of 
even  minor  amounts  of  the  aci-nitromethan  among  the  pyrolysis 
products  of  nitroalkanes  should  easily  be  disclosed.  However, 
all  attempts  remained  negative,  indicating  high  thermal  lability 
on  aci-nitromethan,  if  formed  (Egsgaard,  Carlsen,  and  Elbel, 
1986)  . 

As  previously  mentioned,  the  course  of  reaction  may  often,  al¬ 
though  not  necessarily,  be  found  to  be  dependent  of  the  pyrol¬ 
ysis  system  used.  Hence,  the  application  of  combinations  of 
detection  techniques  may  turn  out  to  be  advantageous  in  many 
cases.  In  the  present  context  the  combined  use  of  mass  spectro¬ 
metry  and  photoelectron  spectroscopy  shall  be  emphasized. 
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An  example  of  the  advantageous  combination  of  mass  spectrometry 
and  photoelectron  spectroscopy  is  our  studies  on  the  1,2-oxa- 
thiolan/3-mercaptopropanal  system  (Carlsen  et  al.,  1981,  Jorgen¬ 
sen  and  Carlsen,  1983,  Carlsen  et  al.,  1984).  The  existence  of 
the  species  was  established  based  on  MS  investigations,  the 
electronic  structure  subsequently  being  elucidated  by  photoelec¬ 
tron  spectroscopy.  Likewise,  the  MS/PES  interplay  in  the  study 
of  di-tert.-butylphosphazene( tBu-N=P-tBu)  may  serve  as  an  illu¬ 
strative  example  (Elbel  et  al.,  1985). 

In  a  recent  study  on  the  pyrolytic  decomposition  of  the  eight- 
membered  tetrathiatetrazocine  (H4N4S4)  ring,  applying  both  mass 
spectrometr ic  and  photoelectron  spectroscopic  detection  tech¬ 
niques,  we  (Carlsen,  Egsgaard,  and  Elbel  1985)  presented  the 
first  evidence  for  the  formation  of  sulphur  diimide.  By  mass 
spectrometry  the  formation  of  a  compound  with  the  molecular 
weight  62  was  established,  unambigiously  exhibiting  the  molecu¬ 
lar  composition  H2N2S.  An  analogous  study  of  the  corresponding 
tetramethyl  derivative  revealed  a  product  with  the  molecular 
weight  90,  the  latter  being  assigned  to  (CH3)2N2S.  Photoelectron 
spectroscopy  demonstrated,  by  comparison  to  known  ionization 
potentials  of  dimethyl  sulphur  diimide  (Schouten  and  Oskam, 
1977)  the  identity  of  the  "90".  Hence,  it  was  concluded  by 
analogy  that  the  "62"  could  be  assigned  to  sulphur  diimide. 


R^S*  -  —  >  RN  =  S  =  NR 


r  =  h,ch3 
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The  ef fectiveness  of  the  combined  use  of  mass  spectrometry  and 
photoelectron  spectroscopy  was  also  demonstrated  by  Elbel  et 
al.  (1986)  in  their  study  on  the  generation  of  gaseous  AsC14F 
from  the  salt  AsCl4fAsFg~,  and  analogously  PC14F  from  PCl4+PFg~ 
(Elbel  et  al.  unpublished). 
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3.  SAMPLE/INLET  SYSTEM 


The  choice  of  inlet  system  is  closely  related  to  the  nature  of 
the  sample.  Thus,  the  problems  concerning  sample  introduction 
can  be  subdivided  according  to  whether  the  sample  is  (a)  gas¬ 
eous  or  easily  evaporable,  (b)  a  liquid  exhibiting  a  moderate 
to  low  vapour  pressure  at  ambient  temperature,  or  (c)  a  solid. 
To  the  latter  class  of  samples  belong  solid  oligomeric  species, 
whereby  the  monomeric  species  can  be  generated  in  the  gaseous 
state  by  gentle  heating. 

In  general  a  continuous  flow  of  reactants  into  the  pyrolysis 
reactor  is  desirable,  which  consequently  will  result  in  a 
constant  flow  of  pyrolysis  products  from  the  reactor,  greatly 
facilitating  the  analytic  procedure.  However,  in  certain  cases 
involving  liquid  samples  exhibiting  only  very  low  vapour  press¬ 
ures  at  ambient  temperature,  the  latter  can  be  introduced  into 
the  reactor  by  injection  via  a  heatable  injection  block.  Due  to 
the  very  limited  amount  of  material  available  by  the  injection 
technique  only  mass  spectrometry  appears  to  be  sufficiently 
rapid  to  be  applied  as  an  analysis  technique.  As  an  alternative, 
the  inlet  system  for  solid  samples  (vide  infra)  may  be  used. 

The  main  requirement  to  the  inlet  system  is  the  supply  of  the 
necessary  amount  of  reactant  per  unit  time  to  the  pyrolysis 
reactor,  which  eventually  depends  solely  on  the  pressure  re¬ 
quirement  of  the  analytical  system.  In  practice,  the  rate  of 
gaseous  sample  introduction  can  be  controlled  by  the  tempera¬ 
ture  of  the  sample  reservoir  and/or  by  a  constrictor  between 
the  sample  reservoir  and  reactor,  the  pressure  in  the  latter 
in  general  being  several  orders  of  magnitude  below  that  of  the 
reservoir . 
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In  the  case  of  gaseous  or  easily  evaporable  compounds  a  gas- 
inlet  system,  as  commonly  used  in  mass  spectrometry,  can  be  ap¬ 
plied  advantageously.  The  system  consists  of  a  closed  reservoir 
connected  to  the  reactor  by  a  constrictor,  which  can  be  a  needle 
valve  or  simply  a  glass  capillary  possessing  an  appropriate 
leak-rate.  The  substance-requirement  for  the  mass  spectrometr ic 
analysis  is  as  low  as  ca.  0.1  p.g/s  (Egsgaard  and  Carlsen,  1984). 

For  substances  exhibiting  moderate  to  low  vapour  pressures  at 
ambient  temperature  a  combination  of  a  heatable  reservoir  and 
a  constrictor  can  be  used  to  advantage.  However,  it  is  often 
necessary  to  heat  the  complete  inlet  system  in  order  to  avoid 
undesirable  recondensation  of  the  reactant  in  the  colder  parts 
of  the  latter.  Furthermore,  compounds  of  this  type  frequently 
appear  to  be  adherent,  and  extensive  flushing  may  be  necessary 
to  avoid  interference  from  preceding  experiments.  In  1984  we 
reported  a  rather  simple  inlet  system,  applied  to  pyrolysis-mass 
spectrometry,  consisting  of  a  capillary  leak  only  (Egsgaard  and 
Carlsen,  1984).  The  liquid  sample  is  placed  directly  into  the 
leak  cavity,  the  desirable  amount  of  material  (ca.  0.1  jig/s) 
evaporating  continuously  through  the  leak  into  the  pyrolysis 
reactor.  However,  since  the  mass  flow  through  the  leaks  is 
considerably  higher  under  these  conditions  than  with  the  gaseous 
samples,  leaks  possessing  correspondingly  lower  leak-rates  are 
used . 

In  the  case  of  solid  samples  or  liquid  samples  exhibiting  only 
very  low  vapour  pressures  at  ambient  temperature,  the  flow  of 
gaseous  reactant  from  the  reservoir  into  the  pyrolysis  reactor 
is  advantageously  controlled  by  the  reservoir  temperature  in 
such  a  way  as  to  maintain  the  desired  mass  flow  per  unit  time. 

For  solid  oligomeric  substances,  from  which  the  gaseous  mono¬ 
meric  species  can  be  generated  by  smooth  thermal  cracking  the 


"solid"  inlet  system  described  above  appears  favourable  m 
gas-phase  pyrolytic  studies  of  the  latter.  However,  application 
of  the  inlet  to  evaporate  solids,  or  liquids  with  very  low 
vapour  pressures  in  general  may  well  lead  to  problems  due  to 
condensations  of  the  samples  in  the  colder  parts  of  the  inlet 
system.  A  uniformly  heated  inlet  system  will,  of  course,  remedy 
the  problem  in  cases  where  this  is  possible. 
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4.  THE  PYROLYSIS  REACTOR 


In  the  course  of  time  a  wide  variety  of  pyrolysis  reactors, 
differing  in  size,  geometry,  material,  etc.  have  been  used. 
Often  the  single  research  groups  working  in  the  field  of  gas 
phase  pyrolysis  construct  their  own  reactors  with  special 
regard  to  the  type  of  analytical  tool  to  be  applied.  However, 
all  these  different  types  of  reactors,  which  shall  not  be  de¬ 
scribed  here,  are  based  on  relatively  few  common  principles. 
A  series  of  these  more  or  less  different  reactors  has  been 
reviewed  by  Brown  (1980). 

In  most  cases  pyrolysis  reactors  constructed  in  quartz  have 
been  used,  ranging  from  the  simplest,  where  the  reactor  is 
merely  a  quartz  tube  passing  through  a  furnace,  as  applied  by 
Bock  and  co-workers  (Bock  and  Solouki,  1981,  and  references 
therein)  to  highly  sophisticated  constructions  that  have  the 
possibility  of  changing  the  area  of  the  orifice  (Golden,  Spokes, 
and  Benson,  1973).  In  all  cases,  when  using  quartz  reactors  el¬ 
ectric  heating  is  necessary.  As  an  alternative  to  quartz  reac¬ 
tors  some  groups  prefer  metal-based  reactors,  often  of  stainless 
steel.  The  heating  of  these  reactors  can  be  accomplished  elec¬ 
trically  or  by  electron  bombardment,  as  recently  reported  by 
Elbel  et  al .  (1981);  this  system  is  commercially  available. 

An  alternative  reactor  design/heating  technique  in  the  study  of 
gas  phase  pyrolytic  reactions  is  based  on  the  Curie  point 
pyrolysis  technique  (Simon  and  Giacobbo,  1965),  i.e.  the  high 
frequency  inductive  heating  in  f erro-magnetic  materials.  The 
technique  is  widely  used  as  an  analytical  tool  in  connection 
with  gas  chromatography  and/or  mass  spectrometry  in  the  study 
of  involatile  substances  (Irwin,  1979,  cf.  also  Voorhees  1984, 
Schulten,  1985).  The  first  report  on  the  application  of  the 
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technique  to  low-pressure  gas  phase  pyrolytic  studies  appeared 
only  recently  (Carlsen  and  Egsgaard,  1980).  However,  it  has  been 
proved  to  be  a  highly  effective  technique  in  combination  with 
mass  spectrometry.  In  Fig.  4-1  the  pyrolysis  unit  based  on  the 
Curie  point  principle  mounted  with  a  heatable  injection  block 
is  shown  (compare  also  with  Fig.  3-1). 

The  more  pronounced  difference  between  the  conventional  reac¬ 
tor  designs  and  the  equipment  for  Curie-point  pyrolyses  is 
the  nature  of  the  heated  zone.  In  conventional  equipment  the 
reactor  as  such  is  heated,  i.e.  all  internal  surfaces  are 
heated  to  the  pyrolysis  temperature,  whereas  in  the  Curie-point 
pyrolyzer  the  walls  of  the  reactor  in  principle  maintain  ambi¬ 
ent  temperature,  and  only  the  ferro-magnetic  filament  placed 
ideally  in  the  center  of  the  reactor  constitutes  the  heated 
area . 


Injection  Block  Reactor  Line-of-sight 

j  I  I  Inlet-system 


5  cm 


Fig.  4-1.  Thermolysis  unit.  A,  Septum;  B,  injection  block 
heater;  C,  thermocouple  for  temperature  readout;  D,  rubber 
washer;  E,  quartz  lining  tube;  F,  ferromagnetic  wire;  G, 
high  frequency  induction  coil;  H,  adapter  flange;  I,  gold 
wire  sealing. 
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In  contrast  to  the  more  conventional  types  of  pyrolysis  reac¬ 
tors  the  Curie-point  pyrolysis  technique,  as  generally  applied 
suffers  from  some  disadvantages:  1)  the  limited  number  of  tem¬ 
peratures  available,  2)  the  differencies  in  composition  of  the 
single  ferro-magnetic  filaments  available,  and  3)  the  enhanced 
possibility  of  reactions  induced  by  collision  between  the  re¬ 
actant  molecules  and  the  hot,  reactive  metal  sufaces  as  e.g. 
nickel  or  iron.  The  last  of  these  disadvantages  also  applies 
to  a  certain  extent  to  the  more  conventional  reactors.  Consider¬ 
able  efforts  have  been  devoted  to  diminish  or  possibly  remedy 
these  problems. 

It  should  be  noted  that  a  major  advantage  of  the  inductive 
heating  technique  is  the  very  limited  amount  of  reactor  material 
which  has  to  be  heated  in  contrast  to  the  completely  heated 
conventional  reactors.  Hence,  the  heating  rate  by  inductive 
heating  is  known  to  be  very  rapid,  as  the  Curie-point  can  be 
reached  usually  within  milliseconds  to  seconds,  but  also  the 
subsequent  cooling  of  the  filament  back  to  ambient  temperature 
is  rapidly  achieved  due  to  the  limited  ammount  of  heated  material. 
This,  of  course,  is  a  clear  advantage  when  pyrolytic  reactions 
are  to  be  studied  at  different  temperatures,  in  which  cases  the 
use  of  conventional  reactor  designs  may  be  rather  time  consuming. 

Furthermore,  the  fact  that  the  heating  can  be  achieved  without 
introduction  of  electric  wires  into  the  low-pressure  reactor, 
as  would  be  necessary  if  electric  heating  of  the  filament  were 
applied,  must  be  regarded  as  a  clear  advantage. 


4.1.  The  Knudsen  Reactor 


As  mentioned  previously,  the  low  pressure  in  the  pyrolysis 
reactor  is  required  in  order  to  exclude  the  possible  operation 
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of  bimolecular  reactions.  In  cases  where  mass  spectrometry  or 
photoelectron  spectroscopy  is  used  as  detection  system,  this 
requirement  is  generally  fulfilled,  whereas  it  may  be  dubious 
if  it  always  is  the  case  using  microwave  spectrocscopy . 

However,  consecutive  pyrolysis  of  primary-generated  products 
may  also  disturb  the  eventual  analytical  interpretation.  Hence, 
it  is  desirable  that  the  mean  residence  time  in  the  reactor 
(contact  time  in  the  hot  zone)  can  be  kept  at  a  sufficient  low 
level  to  avoid  re-pyrolysis. 

In  low  pressure  pyrolysis  reactors,  fulfilling  this  requirement 
the  mean  free  path  for  the  molecules  are  typically  larger  than 
the  diameter  of  the  reactor.  At  these  very  low  pressures  the 
reactors  fulfil  the  requirements  for  a  Knudsen  reactor  (Seybold, 
1977,  Golden,  Spokes,  and  Benson,  1973,  Knudsen,  1909a,  Knudsen, 
1909b,  Clausing,  1931/32,  Venema,  1973)  i.e.  the  mean  residence 
time,  tmr>  for  a  molecule  depends  on  the  actual  reactor  geometry, 
the  temperature,  and  the  molecular  weight  of  the  involved  spe¬ 
cies  only,  and  not  the  internal  pressure  in  the  reactor.  The 
mean  residence  time  can  then  be  calculated  according  to  the 
Knudsen  formula  (eqn.  4-1) (Golden,  Spokes,  and  Benson  1973, 
Dushman,  1960:ch.  2). 


<mr  =  4V/cAK  sec 


(4-1  ) 


Where  V  is  the  reactor  volume,  A  the  area  of  the  orifice,  K  a 
constant,  and  C  is  the  mean  molecular  rate,  which  can  be  esti¬ 
mated  according  to  the  kinetic  gas  theory  (eqn.  4-2). 


cm  sec 


c  =  1.46  x  lO^Vrr/M) 


(4-2) 
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In  eqn.  4-2,  T  is  the  absolute  temperature  and  M  the  molecular 
weight  of  the  compound  under  investigation. 

The  collision  frequency  in  the  reactor,  i.e.  the  frequency  by 
which  an  average  molecule  collides  with  the  walls,  is  given 
by 


w  =  Z  / 1  =  c  Ayy/4V  (4-3) 

where  Z  is  the  collision  number  of  the  average  molecule,  Z  = 
AW/AK,  and  Aw  is  the  area  of  the  reactor  surface. 

The  value  of  the  constant  K  is  dependent  of  the  design  of  the 
interface  between  the  reactor  and  the  detection  unit.  The  ideal 
value,  K=  1  is  valid  only  if  the  thickness  (1)  of  the  wall,  in 
which  the  orifice  (radius  =  r)  is  located,  is  vanishingly  small 
compared  to  r.  If,  however,  the  pyrolyzate  leaves  the  reactor 
through  an  orifice  which  consists  of  a  tube  for  which  the  1/r 
ratio  is  appreciable,  the  factor  K,  which  is  a  dimensionless 
function  of  1/r,  is  less  than  1  (Dushman,  1960:ch.  2,  Veneina, 

1973).  The  factor  K  is  the  so-called  transmission  probability, 
i.e.  the  probability  that  a  molecule  entering  the  tube  from 
the  reactor  will  pass  through  the  tube  without  having  returned 
to  the  rector  (Venema,  1973).  The  variation  in  K  as  a  function 
of  1/r  is  depicted  in  Fig.  4-2. 
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In  Table  4-1  values  for  5  and  trar  for  two  molecules  with  molec¬ 
ular  weight  100  and  200,  respectively,  are  given  as  functions 
of  temperature  for  a  typical  gas  phase  Curie  point  reactor 
(V=0.13  cm3,  A=0.03  cm2)  (Egsgaard  and  Carlsen,  1984). 


Table  4-1  Mean  molecular  rate  (C)a  and  mean  residence  time 
(tmr)b  as  a  function  of  temperature. 


m\t 

1  300  _  1 

500 

700 

900 

1100 

tmr 

fcmr 

c 

tmr 

100 

200 

_ 

2.53 

1  .79 

6.85 

9.69 

3.26 

2.31 

5.31 

7.51 

3.86 

2.73 

4.49 

6.35 

4.38 

3.10 

3.96 

5.60 

4.84 

3.42 

3.58 

5.06 

a  given  in  cm  sec-1  x  10~4 
b  given  as  sec  x  K  x  104 

The  reciprocal  of  the  mean  residence  time,  ke=tmr_1,  is  defined 
as  the  so-called  unimolecular  escape  rate  constant,  i.e.  the 
rate  constant  for  the  discharge  of  the  molecule  from  the  reac¬ 
tor  reactor  through  the  orifice  of  area  A. 


4.1.1.  Simulation  of  Molecular  Movement  through  Low-Pressure 
Reactors 

In  order  to  design  the  optimal  configuration  of  low-pressure 
pyrolysis  reactors  -  for  a  given  type  of  experiments  -  a  know¬ 
ledge  of  the  fate  of  the  gaseous  molecules  is  of  importance. 
Several  factors  are  determining  in  this  context,  such  as  colli¬ 
sion  number,  mean  residence  time  and  energy  transfer  from  the 
surface  to  the  molecule.  In  the  case  of  a  Curie-point  pyrol- 


ysis  reactor,  the  problem  becomes  even  more  complicated,  as  the 
molecule-surface  interactions  are  divided  in  collisions  between 
the  hot  filament  surface  and  with  the  reactor  surface,  the 
latter  typically  exhibiting  ambient  temperature.  Hence,  thermal 
activation  as  well  as  deactivation  must  be  considered  (Egsgaard 
and  Carlsen,  1987b). 

Calculations  on  molecular  movement  in  low  pressure  reactors  are 
based  on  the  following  assumptions:  a)  the  behaviour  of  a  high¬ 
ly  rarefied  gas  can  be  described  on  the  basis  of  the  individual 
behaviour  of  the  single  molecules  (molecular  flow  (Knudsen  1909a, 
1909b)),  as  the  molecules  are  no  longer  in  collective  motion, 
i.e.  there  are  no  intermolecular  collisions  in  the  reactor. 
Thus,  the  molecules  move  linearly  between  the  positions  of  the 
surface  at  which  they  collide:  b)  a  molecule,  striking  the  sur¬ 
face  is  repelled  in  a  direction  which  is  totally  independent 
of  the  direction  of  the  incidence,  and  the  distribution  of  di¬ 
rections  of  an  infinitely  large  number  of  molecules  after  re¬ 
flection  from  a  surface  follows  Lambert's  cosine  law  for  the 
reflection  of  light  from  a  glowing  body  (typically  the  stat¬ 
istics  are  based  on  1000  to  5000  molecules  (Egsgaard  and  Carl- 
sen,  1987b));  c)  all  molecules  enter  the  reactor  at  a  given 
position,  this  position,  however,  being  left  according  to  b) 
(Egsgaard  and  Carlsen,  1987b).  In  Figures  4-3  and  4-4  the  simu¬ 
lated  movement  of  a  molecule  through  a  conventional  reactor  and 
a  Curie-point  pyrolysis  reactor,  respectively,  is  shown.  In 
Figure  4-4  the  *  denotes  the  collisions  between  the  molecule 
and  the  hot  filament  surface.  Evidently  a  series  of  molecule- 
wall  collisions,  i.e.  thermal  deactivation,  take  place  between 
two  molecule-filament  collisions.  Hence,  the  pyrolysis  products 
observed  apparently  are  results  of  single  collisions  between 
the  substrate  and  the  hot  filament  surface. 


Fig.  4-3.  Simulation  of  molecule  movement  (15  collisions) 
in  a  conventional  low  pressure  pyrolysis  reactor  (o:  start 
position,  •:  end  position). 


Fig.  4-4.  Simulation  of  molecule  movement  (15  collisions) 
in  a  low  pressure  Curie-point  pyrolysis  reactor  (o:  start 
position,  •:  end  position). 


The  movement  of  the  molecules  through  the  Curie-point  reactor 
(visualized  in  Fig.  4-4)  unambiguously  demonstrates  the  single¬ 
collision  nature  of  the  pyrolysis  reactions  in  this  type  of 
reactor.  Thermal  activation  can  take  place  only  by  molecule- 
filament  collisions. 
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The  more  common  reactors  for  gas-phase  pyrolysis  are  equipped 
with  external  heating,  i.e.  the  entire  internal  surface  of  the 
reactor  becomes  heated  to  the  pyrolysis  temperature. 


As  mentioned  in  the  previous  section  the  use  of  the  inductive 
heating  principle  in  practice  remedies  the  problem  concerning 
the  amount  of  material  to  be  heated,  as  only  the  filament 
placed  internally  in  the  reactor  is  heated.  However,  as  also 
mentioned,  the  Curie-point  pyrolysis  technique,  as  originally 
applied,  permits  pyrolysis  only  at  a  relatively  limited  number 
of  temperatures,  corresponding  to  the  availability  of  ferro¬ 
magnetic  filaments:  e.g.  358,  480,  510,  610,  770,  980,  and 
1131°C.  It  can  be  mentioned  that  pure  cobalt  exhibits  the  high¬ 
est  Curie-point  known  (1131°C).  On  the  other  hand,  it  is  im¬ 
portant  to  note  that  a  Curie-point  of  a  ferro-magnetic  material 
is  extremely  well  defined,  and  since  the  material  itself  in 
principle  controls  the  temperature  by  the  ferromagnetic  to 
diamagnetic  transition  at  the  Curie-point,  one  obtain  highly 
reproducible  and  well-defined  temperatures  in  applying  the 
Curie-point  pyrolysis  technique. 

In  order  to  overcome  the  "temperature  problem",  however,  main¬ 
taining  the  advantages  of  the  inductive  heating  principle,  e.g. 
reactor  design  (vide  supra),  rapid  heating,  the  limited  amount 
of  material  to  be  heated,  we  (Egsgaard,  Bo,  and  Carlsen,  1985) 
reported  an  inductively  heated  flow  reactor  where  arbitrarily 
chosen  temperatures  in  the  range  from  ambient  to  the  Curie- 
point  of  the  filament  rapidly  can  be  achieved.  The  temperature 
control  was  based  on  the  application  of  a  "multi-temperature" 
filament  in  combination  with  extensive  computerization  of  the 
pyrolysis-mass  spectrometry  system. 


The  "multi-temperature"  filament  was  constructed  (cf.  Fig.  4-5) 
by  fixing  a  chromal-alumal  thermocouple  by  gold-soldering  in¬ 
side  a  gold-plated  iron  tube  (O.D.:  1  mm;  I.D.:  0.8  mm).  Even¬ 
tually  the  assembled  filament  was  gold-plated  as  described  by 
Egsgaard  and  Carlsen  (1983a)  to  ensure  a  low-catalytic  surface 
(vide  infra). 


Fig.  4-5.  "Multi-temperature  filament"  design.  A,  Ferro¬ 
magnetic  (e.g.,  Fe)  tube;  B,  thermocouple;  C,  gold  matrix; 
D,  gold  plating. 


\ 
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In  contrast  to  the  conventional  Curie-point  pyrolysis  tech¬ 
nique,  where  the  high-frequency  unit  is  operated  continuously 
throughout  the  duration  of  the  pyrolysis,  the  multi-tempera¬ 
ture  inductive  heating  method  is  based  on  a  pulse-mode  operated 
high-frequency  unit.  Attainment  of  a  given  arbitrary  temperature 
appears  as  a  three  parameter  process:  1)  a  rapid  sequence  of 
high-frequency  pulses  to  obtain  the  temperature  required,  2}  a 
simple  on/off  procedure  to  gain  thermal  equilibrium  in  the 
filament,  and  3)  a  final  control  based  on  high-frequency  pulses 
delivered  only  if  the  temperature  profile  is  decreasing  and  if 
the  temperature  is  below  the  chosen  value  as  summarized  in  Fig. 
4-6. 


In  Fig.  4-7  temperature  variations  with  time  are  shown  for  Tf= 
400,  500,  600,  and  700OC,  whereas  Fig.  4-8  illustrates  the  ac¬ 
tual  temperature  stabilization,  which  in  general  can  be  achieved 
better  than  ±  1%. 

The  multi-temperature  inductive  heating  method  relies  heavily 
on  computerization,  since  the  high  rates  of  temperature  in¬ 
crease  obtained  by  this  technique  requires  rapid  control  of  the 
high-frequency  unit  (cf.  Egsgaard,  Bo,  and  Carlsen,  1985).  The 
computerized  pyrolysis  -  mass  spectrometry  system  is  visualized 
in  Fig.  4-9. 


65 


Fig.  4-6.  Temperature  control  flow  chart  for  "multitem 
perature  filament". 
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Fig.  4-9.  Computerized  pulse  pyrolysis  -  mass  spectrometry 
configuration. 


4.2.1.  Pulse  Pyrolysis 

The  introduction  of  the  continuous-flow  inlet  system  for  low 
pressure  Curie-point  pyrolysis  studies  (Egsgaard  and  Carlsen, 
1984)  opens  up  the  possibility  of  carrying  out  gas  kinetic 
studies  using  the  inductive  heating  technique.  Calculations  of 
gas  kinetic  data,  using  mass  spectrometry,  involves  experiment¬ 
ally  determined  ion  intensities  at  ambient  (Iarafc>)  and  pyrolysis 
(It)  temperature  (cf.  section  5).  These  are  conveniently  ob¬ 
tained  by  single  ion  monitoring  in  sequences  of  pyrolyses  and 
adequate  cooling  periods,  i.e.  pulse  pyrolysis.  In  Fig.  4-10 
the  temperature  profile  created  for  six  pyrolysis  temperatures 
in  the  range  400  to  550°C  is  visualized. 
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Fig.  4-10.  Pulse  pyrolysis  sequence  for  kinetic  studies. 


4.3.  Surface  Influence 

The  importance  of  surface  reactions  in  pyrolysis  units  is  a 
well-recognized  phenomenon  both  in  the  laboratory  and  in  in¬ 
dustrial  scale  units  (Albright  and  Tsai,  1983,  Nishiyama  and 
Tamai,  1980).  Typical  reactions  are  coke  formation,  carburiz¬ 
ation  of  metal  surfaces  (i.e.  formation  of  metal  carbides) 
oxidation/reduction  of  metal  surfaces,  and  sulfiding  the  sur¬ 
faces  (i.e.  desulfiding  the  reactant). 

These  reactions  are,  however,  of  minor  interest  in  the  ana¬ 
lytical  studies  of  gas  phase  pyrolytic  reactions,  although  they 
often  occur  and  hereby  diminish  the  yield  of  the  gaseous  pro¬ 
ducts  wanted. 

From  an  analytical  point  of  view  it  is  much  more  interesting 
that  the  hot  reactor  surfaces  may  direct  the  pyrolysis  towards 
certain  products.  However,  these  products  are  often  due  to  ex¬ 
tensive  degradations,  as  results  of  reactions  promoted  by  re- 
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active  sites  at  the  surfaces,  and  thus  unwanted  in  connection 
with  studies  of  pure  thermally  induced  reactions.  On  the  other 
hand,  selective  choice  of  surface  coating  may  advantageously  be 
applied  in  an  attempt  to  direct  pyrolysis  reactions  in  certain 
directions,  e.g.  heterogeneous  catalysis. 

In  the  Curie-point  pyrolysis  reactor,  where  the  hot  zone  as 
mentioned  consists  of  a  metal  wire,  surface  treatment  appears 
relatively  easy,  since  metal  surfaces  are  fairly  easily  coated, 
e.g.  by  electro-plating,  to  give  surfaces  of  known  composition. 
Most  metal  surfaces  are  rather  reactive  at  high  temperatures 
giving  rise  to  a  series  of  unwanted  products  as  mentioned  above 
(Albright  and  Tsai,  1983).  However,  we  found  (Egsgaard  and 
Carlsen,  1983a)  that  application  of  gold-plated  filaments  for 
gas  phase  Curie-point  pyrolysis  minimizes  the  degree  of  poss¬ 
ible  reactions  induced  by  the  presence  of  hot  metal  surfaces 
such  as  nickel  and  iron. 

To  illustrate  the  effect  of  gold-plating  the  gas  phase  pyrol¬ 
ysis  of  methyl  dithioacetate  presents  an  example  (Carlsen  and 
Egsgaard,  1983).  It  was  observed  that  even  at  temperatures  as 
low  as  631  K  (nickel  surface)  the  dithioester  degraded  exten¬ 
sively  (Fig.  4-1 1(a)),  giving  rise  to  products  which  could  be 
assigned  as  CgHgS  (m/z  74),  dimethyl  sulphide  (C2H6S)  (m/z  64), 
C4H6  (m/z  54),  and  methane  thiol  (m/z  48).  Verification  of  the 
involvment  of  the  hot  nickel  surface  was  obtained  by  comparison 
to  the  pyrolysis  of  methyl  dithioacetat  at  631K,  however,  apply¬ 
ing  a  gold-plated  filament.  It  was  unambiguously  demonstrated 
(Fig.  4-1 1(b))  that  the  compound  was  perfectly  stable  under  these 
conditions.  At  higher  temperatures  (1253K  cf.  Fig.  4— 11(c)), 
still  applying  gold-plated  filaments  the  dithioester  decomposed 
smoothly  into  the  expected  products,  as  are  thioketene  (m/z  58) 
and  methane  thiol  (m/z  48),  as  a  result  of  a  simple  1,2-elimin¬ 
ation. 


The  involvment  of  nickel  surfaces  in  pyrolysis  reactions  has 
recently  been  reported  by  Bock  and  Wolf  (  1985),  and  Glebov  et 
al.  (1985)  reported  on  the  deoxygenation  of  alcohols  and  ketones 
on  an  iron  catalyst. 

A  second  example,  also  taken  from  the  study  of  gas  phase  pyrol¬ 
ysis  studies  of  organo-sulf ur  compounds,  illustrates  the  above- 
mentioned  disulfiding  reactions.  Pyrolytic  sulfur  extrusion  from 
the  thioketen  1 , 1 ,3,3-tetramethyl  2-thiocarbonyl  cyclohexane 
was  observed  applying  a  hot  iron  filament  (1043K)  (Carlsen, 
Egsgaard,  and  Schaumann,  1980),  the  reaction,  however,  unequi¬ 
vocally  being  associated  with  the  nature  of  filament  surface, 
as  demonstrated  (Egsgaard  and  Carlsen,  1983a)  by  comparison 
with  an  experiment  using  a  gold-plated  filament  (1043K),  under 
which  conditions  the  thioketen  (m/z  182)  was  found  to  be  per¬ 
fectly  stable  (Fig.  4-12).  The  findings  are  in  agreement  with 
the  bond  strength  of  the  C=S  bond,  which  is  about  125  kcal/mol 
(Benson,  1978),  i.e.  the  carbon-sulfur  double  bond  should  not 
be  cleaved  at  1043K  by  pure  thermal  induction. 

Gold-plating  is  not  the  optimal  choice  in  all  cases,  as  it  can 
be  observed  that  unwanted  reactions  in  several  cases  are  mini¬ 
mized,  but  not  necessarily  completely  suppressed  (Egsgaard  and 
Carlsen,  1983a).  This  is  demonstrated  in  the  study  of  the  pyrol¬ 
ysis  of  nitromethane  (Egsgaard,  Carlsen,  and  Elbel,  unpublished) 
and  nitrobenzene  (Egsgaard  and  Carlsen,  1983a). 

Figure  4-13  visualizes  the  product  distribution  following  pyrol¬ 
ysis  of  nitrobenzene  at  1043K  applying  a  gold-plated  iron  fila¬ 
ment  and  an  iron  filament,  respectively. 
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Fig ■  4-11.  Field  ionization  mass  spectra  of  methyl  dithio 
acetate  following  gas-phase  thermolyses  at  631  K  (nickel) 
631  K  (gold)  and  1253  K  (gold). 
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Fig.  4-12.  Field  ionization  mass  spectra  after  pyrolysis 
of  I# 1  /  3, 3-tetramethy 1-2-thiocarbonylcyclohexane  at  1043 
K  using  (a)  an  iron  filament  and  (b)  a  goldplated  iron 
filament. 


Fig.  4-13.  Field  ionization  mass  spectra  after  pyrolysis 
of  nitrobenzene  at  1043  K  using  (a)  a  gold-plated  iron 
filament  and  (b)  an  iron  filament. 
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In  both  cases  two  products  appear  dominant,  exhibiting  molecular 
weights  of  93  and  107  which  were  assigned  to  the  phenoxy  radical 
and  nitrosobenzene ,  respectively.  The  formation  of  these  two 
products  could  be  explained  by  the  operation  to  concurrent 
reactions,  i.e.  rearrangement  followed  by  NO  elimination  and 
formel  atomic  oxygen  extrusion. 


<0^no 


Phenoxy  radicals  have  been  postulated  as  intermediates  in  the 
pyrolysis  of  nitrobenzene  by  McCarthy  and  O'Brian  (1980)  and 
by  Fields  and  Meyerson  (1975).  These  authors  formulated  the 
reaction  as  removal  of  NO  from  an  intermediate  phenyl  nitrite, 
possibly  formed  as  a  consequence  of  consecutive  radical  reac¬ 
tions  (cf.  Batt,  1982),  which,  however,  is  not  possible  under 
pure  unimolecular  reaction  conditions  as  applied  by  us  (Egsgaard 
and  Carlsen,  1983a,  1984).  Thus,  the  formation  of  the  C-0  bond 
of  necessity  involves  a  three-centred  transition  state,  which 
in  principle  may  ring-open  to  give  the  nitrite  or  directly  elim¬ 
inate  NO  to  yield  the  phenoxy  radical. 

<g^O-NO 
<0^-0'  ♦  NO 
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Study  of  the  m/z  123  ion  by  collision  activation  mass  spectro¬ 
metry  before  and  after  pyrolysis  of  nitrobenzene  (Egsgaard  and 
Carlsen,  1984)  resulted  in  identical  spectra  suggesting  the 
absence  of  the  phenyl  nitrite  in  the  pyrolyzate,  as  nitro  com¬ 
pounds  in  general  are  expected  to  result  in  spectra  differing 
from  those  of  the  corresponding  nitrites  ( Budzikiewicz  et  al., 
1967,  Egsgaard,  Carlsen,  and  Elbel,  1986).  However,  taking  the 
thermal  lability  of  nitrites  into  account,  the  intermediacy  of 
the  latter  cannot  definitely  be  ruled  out. 

By  comparing  the  two  spectra  depicted  in  Fig.  4-13,  the  most 
striking  feature  appears  to  be  the  significant  variation  in  the 
phenoxy  radical:  nitrosobenzene  (m/z  93:  m/z  107)  ratio.  Obvi¬ 
ously  the  pyrolysis  of  nitro  benzene  is  shifted  in  favour  of 
phenoxy  radical  formation  applying  gold-plated  filaments,  in 
agreement  with  the  involvement  of  the  hot  reactive  iron  surface 
in  the  apparent  loss  of  an  oxygen  atom  from  the  nitro  group,  a 
reaction,  which  surprisingly  cannot  be  surpressed  fully  upon 
gold  plating. 

In  this  connection  it  should  be  noted  that  in  few  cases  gold 
surfaces  may  catalyze  gas  phase  reactions  as  demonstrated  by 
Meyer  and  deMeijere  (1976)  in  a  study  on  the  thermally  induced 
rearrangement  of  strained  small  ring  hydrocarbons. 

Nevertheless,  gold  metal  has  been  found  as  the  least  catalyti- 
cally  active  metallic  material  (Cramers  and  Keulemans,  1967). 
The  authors  therefore  recommended  gold  for  flow  reactors  for 
gas  kinetic  studies.  Gold-based  reactors  has  been  applied  by 
Kwart  et  al.  (1969),  Egsgaard  and  Carlsen  (1983a)  and  Carlsen 
and  Egsgaard  (1983)c). 


c  In  later  studies  by  the  Ris®  group,  gold-plated 
have  been  routinely  used  unless  stated  otherwise. 


f ilaments 
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On  the  other  hand,  the  above  described  pyrolysis  of  nitrobenzene 
illustrates  the  possibility  of  directing  a  pyrolysis  reaction 
towards  certain  products  by  carefully  selecting  the  filament 
surface . 


4.3.1.  Nitroso-Ethene 

The  surface-promoted  deoxygenation  of  nitro  compounds  has  re¬ 
cently  been  applied  to  generate  nitroso-ethene  (Egsgaard  and 
Carlsen,  1987a),  the  latter  hitherto  being  known  only  as  trapped 
by  cyclopentad iene  (F*ragher  and  Gilchrist,  1979)  or  as  model 
substance  in  theoretical  studies  (Faragher  and  Gilchrist,  1979, 
Schmidt  Burnier  and  Jorgensen,  1983,  Petukhov  et  al.,  1984). 

Pyrolysis  of  nitro-ethene  at  883K  (surface  Ni:  72%,  Fe:  28%) 
gave  rise  to  the  formation  of  three  products  exhibiting  molecu¬ 
lar  weights  of  57,  41,  and  30,  respectively,  as  visualized  in 
Figure  4-14,  together  with  unpyrolyzed  starting  material  (M:  73) 
(Egsgaard  and  Carlsen,  1987a). 

Based  on  CA  mass  spectrometic  fragmentation  of  m/ z  57,  leading 
to  ions  m/ z  27  (C2H34")  and  m/ z  30  (N0+),  it  appeared  possible 
to  exclude  alternative  structures,  such  as  4H-1 ,2-oxazete, 
2H-azirine-1-oxide  and  acetonitrile  N-oxide  as  being  responsible 
for  this  ion,  leaving  nitroso-ethene  (H2C=CH-NO)  as  the  only 
possibility. 

In  agreement  with  the  study  of  Bock,  Dammel  and  Aygen  (1983), 
reporting  acetonitril  as  the  eventual  product  following  pyrol¬ 
ysis  of  vinyl  azide,  the  compound  being  responsible  for  the 
m/z  41  ion  (Fig.  4-14)  was,  in  accordance  with  CA  mass  spectro¬ 
metry,  identified  as  acetonitril.  Apparently  the  formation  of 
acetonitrile  can  be  ascribed  to  a  rearrangement  of  primary  ge¬ 
nerated  vinyl  nitrene,  the  latter,  in  the  present  context, 
being  a  result  of  a  consecutive  surface-promoted  deoxygenation 
of  the  nitroso-ethene. 
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Fig.  4-14 «  Field  ionization  mass  spectra  of  nitro-ethene 
without  pyrolysis  (a)  and  following  pyrolysis  at  883  K 
(filament  composition:  Ni:  7  2%,  Fe:  28%)  (b). 


4.3.2.  Direct  surface  involvment 


In  the  preceeding  sections  it  has  been  demonstrated  that  hot 
metal  surfaces  in  certain  cases  may  promote  the  formation  of 
otherwise,  from  a  thermodynamic  point  of  view,  difficult  access¬ 
ible  species.  However,  hot  surfaces  may  also  take  directly  part 
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in  the  reactions  by  supplying  additional  atoms  to  primary 
pyrolytically  generated  reactive  species. 

Scrutiny  of  the  FI  mass  spectrum  obtained  following  pyrolysis 
of  nitrobenzene,  applying  an  iron  filament  (Fig.  4-13  b)  reveals 
the  formation  of  minor,  but  significant  amounts  of  a  compound 
with  molecular  weight  103,  identified  as  benzonitrile  (Egs- 
gaard  and  Carlsen,  1983a).  Obviously,  compared  to  the  starting 
nitrobenzene,  this  product  contains  an  additional  carbon  atom. 

By  analogy  to  the  apparent  consecutive  double  deoxygenation  of 
nitro-ethene  (cf.  section  4.3.1.),  it  appeared  most  reasonable 
to  formulate  the  benzonitrile  formation  as  a  reaction  between 
intermediary  phenyl  nitrene  and  elemental  carbon  deposited  on 
the  iron  filament.  This  mechanism  was  most  convincingly  con¬ 
firmed  by  studying  the  pyrolysis  of  phenyl  azide,  applying  a 
carbon-coated  gold-plated  filament,  benzonitril  (M  =  103)  being 
established  as  one  of  the  major  products  (Egsgaard  and  Carlsen, 
1986)  (Fig.  4-15).  Hence,  reactive  species,  as  e.g.  nitrenes, 
may  be  converted  into  thermodynamically  stable  compounds  by 
picking  up  atoms  delivered  by  the  surface. 

Obviously  the  reaction  between  nitrenes  and  carbon  must  lead 
to  isocyanides,  which,  however,  are  rapidly  rearranged  into 
the  corresponding  nitriles. 

Finally,  it  shall  be  noted  that  the  products  exhibiting  molecu¬ 
lar  weights  91  and  93  were  identified  as  1-cyano  1 , 3-cyclopenta- 
diene  and  anilin,  respectively  (Fig.  4-15).  Both  products  are 
results  of  the  presence  of  an  intermediary  phenyl  nitrene, 
which  rearranges  or  picks  up  two  hydrogens  f»-om  the  surface, 
respectively. 
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In  the  present  context,  it  can  be  mentioned  that  the  parent 
nitrene,  imidogene,  produced  by  pyrolysis  of  azoimide,  also 
reacts  with  elemental  carbon  forming  hydrogen  cyanide,  which 
may  well  be  considered  as  an  alternative  route  to  interstellar 
HCN  (Carlsen  and  Egsgaard,  1988) . 
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5.  GAS  KINETIC  CONSIDERATIONS 


Gas  kinetic  studies  may  be  crucial  in  connection  with  mechan¬ 
istic  investigations.  The  theory  of  the  unimolecular  gas  phase 
reaction  has  been  a  subject  of  detailed  studies  (cf.  Robinson 
and  Bolbrook,  1972).  However,  in  the  present  context  the  appli¬ 
cation  of  highly  sophisticated  mathematics  may  seem  somewhat 
exaggerated.  Furthermore,  some  of  the  figures,  e.g.  vibrational 
frequencies  of  transition  states,  are  certainly  not  immediately 
available  for  the  compounds,  which  are  normally  within  our 
sphere  of  interest. 

A  unimolecular  reaction  may  be  represented  by  the  elementary 
process 


A  products 


(5-1  ) 


the  corresponding  rate  constant,  k,  obeying  a  first-order  kin¬ 
etic  law 


[A] 


dt 


(5-2) 


The  expression  (Eqn.  5-1),  however,  is  to  be  regarded  only  as 
an  overall  expression,  as  a  large  number  of  reactions,  which 
kinetically  obey  the  first  order  law,  are  not  elementary  pro- 
sesses  in  the  sense  that  only  a  single  step  is  involved  in  the 
reaction.  Thus,  the  source  of  energy  in  thermae  reactions  must 
be  of  a  collisional  nature,  i.e.  molecule-molecule  or  molecule- 
wall  collisions,  which  may  involve  activations  as  well  as  deac¬ 
tivations  (Lindemann,  1921,  Hinshelwood,  1927) 
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A+M  A*  a'  +  M 


(5-3) 


A  *M  — A ♦  M 


(5-4) 


A* 


|(  * 

— »-  products 


(5-5) 


Based  on  equations  5-3  to  5-5,  the  pressure  dependence  of  uni- 
molecular  gas  phase  reactions  is  obvious.  Under  steady-state 
conditions  the  equations  lead  to  the  pseudo-first  order  rate 
constant 

k,  [M]k7(k.,[M]  *k*)  (5-6) 

[A]  dt 


the  limiting  pseudo-first  order  low  pressure  rate  constant,  k0, 
and  the  limiting  true  first  order  high  pressure  rate  constant, 
k« ,  are  given  by  Equations  5-7  and  5-8,  respectively 


lim  k  s  k0=  k,  [M] 

(Mj  0 


(5-7) 
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!im  k  =  k  =  k,  kV  k  , 
M—  ” 


(5-8) 


An  application  of  Equations  5-6  to  5-8  yields  the  following 
expression 


k-k„(  ko^ k®/  1  ♦  k0  !V.m  )  <  k„ 


using  kQ/k„  as  a  simple  pressure  scale,  to  interpolate  k  between 
kQ  and  k„ .  Hence,  the  unimolecular  rate  constants,  k,  measured 
in  the  low  pressure  pyrolysis  studies,  are  in  general  not  equal 
to  the  high  pressure  limiting  rate  constant,  k<». 

Consequently  the  Arrhenius  parameters  A„  and  E„,,  as  defined  by 
Eqn.  5-10,  cannot  be  derived  directly  by  application  of  the 
temperature  variation  of  k. 


koo=  A. 


.-E./RT 


(5-10) 


To  avoid  the  rather  complicated  mathematical  treatment  of  low- 
pressure  kinetics  (cf.  Robinson  and  Holbrook,  1972),  we  intro¬ 
duced  (Egsgaard,  Bo  and  Carlsen,  1985)  the  empirical  Effective 
Temperature  Approach  based  on  experimentally  determined  rate 
constants  in  a  "calibrated"  reactor. 


84 


5.1.  Experimental  Determination  of  k 

Looking  at  an  irreversible  unimolecular  reaction  in  the  low- 
pressure  flow  reactor  as  described  by  Eqn.  5-1  the  specific 
flux  (Dushmann,  1960,  Golden,  Spokes  and  Benson,  1973,  Egsgaard 
and  Carlsen,  1984)  of  the  species  A  is  given  by 


FA=ke  [A]  +  k  [A] 


(5-11) 


where  ke  and  k  are  the  unimolecular  escape-rate  constant  for  A 
from  the  reactor  and  the  unimolecular  rate  constant  for  the 
reaction  A  -*■  products,  respectively.  For  k  =  0 ,  F^  =  ke  [a]q, 
ke  is  defined  as  the  reciprocal  of  the  mean  residence  time  of  A 
in  the  reactor,  i.e.  ke  =  t^-1  (cf.  Section  4.1). 

On  pyrolysis  the  stationary  concentration  of  compounds  A,  [A]^, 
will  be  smaller  than  the  corresponding  value  without  pyrolysis, 
[a]q,  owing  to  the  decomposition  taking  place.  Applying  a  con¬ 
stant  inlet  flow  of  A  to  the  reactor 


[A],=  k,  [A]t*  k  [A]t 


(5-12) 


which  may  be  rewritten  into 


k_k  Mo  -  Mr 

[A]T 


Applying  mass  spectrometry  as  a  detection  technique,  the  concen¬ 
trations  [A]0  and  [a]t  are  directly  related  to  the  ion  inten- 
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sities  of  the  molecular  ion,  I^mb  and  If  an  ambient  and  pyrol¬ 
ysis  temperature,  respectively. 


k  =  k 


Iamb  "It 


(5-14) 


5.2.  The  Effective  Temperature  Appro ach 

As  an  alternative  to  the  theoretical  treatment  of  the  low-press¬ 
ure  kinetics,  we  approached  the  problem  from  an  empirical  point 
of  view  (Egsgaard,  Bo  and  Carlsen,  1985),  by  estimating  the 
effective  temperature  for  the  molecules  in  the  reactor.  The 
effective  temperature,  Teff,  is  defined  as  the  temperature  (i.e. 
actual  energy  distribution)  that  the  molecules  apparently  reach 
in  the  reactor  at  a  given  operating  (surface)  temperature,  i.e. 
in  the  reactor,  based  on  the  Curie-point  principle  the  filament 
temperature,  Tf.  Hence,  the  reactor  may  be  "calibrated"  to  give 
a  correction  term  correlating  the  filament  temperatures  to  the 
actual  reaction  temperatures,  i.e.  the  effective  temperatures. 

Applying  the  equations  given  in  Section  4.1.  for  the  mean  resi¬ 
dence  time,  tmr,  for  the  molecules  in  the  reactor  (Eqn.  4-1) 
and  the  mean  molecular  rate,  c,  (Eqn.  4-2)  it  is  possible  to 
derive  rate  constants,  k,  for  given  reactions  by  application 
of  Eqn.  5-13  or,  using  mass  spectrometry  as  detection  system 
Eqn.  5-14.  Hence,  experimental  determination  of  rate  constants 
for  a  series  of  different  filament  temperatures,  for  reactions 
exhibiting  known  activation  parameters  (E„  and  A„)  permits  an 
estimate  to  be  made  of  the  corresponding  effective  temperatures 
according  to  the  rewritten  Arrhenius  Equation. 
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^  l  amb  ~  1 T  )  /It]  ♦  In  k,  =  In  AK-  Eoo/RT 


(5-15) 


The  correlation  between  the  effective  temperature  and  the  sur¬ 
face  temperature  in  the  reactor,  Ts ,  can  be  obtained  based  on 
the  physically  reasonable  assumption  that  the  increment  in  ef¬ 
fective  temperature  per  molecule-surf ace  collision  follows  a 
linear  law  (Amorebleta  and  Colussi,  1982). 


=  P(T,-T.„) 


(5-16) 


On  applying  the  design  of  the  Curie-point  reactor  design  reac¬ 
tions  are  results  of  single  collisions  between  the  hot  filament 
surface  and  the  molecules  (cf.  Section  4.1.1.),  i.e.  dn  -•  1, 
and  dTeff  =  Teff  -  Tamb •  Thus,  the  following  simple  relationship 
between  Tj  and  Teff  is  obtained. 


Teff-Tqmb*  p(T*"Tamb} 


(5-17) 


Apart  from  depending  on  the  filament  temperature,  0,  which  is 
a  measure  of  the  molecule-surface  collision  efficiency  most 
probably  also  depends  on  the  reactor  geometry.  Hence,  a  given 
reactor  set-up  has  to  be  "calibrated"  by  a  series  of  standard 
reactions  to  give  the  corresponding,  reactor  specific,  8(Tf), 
and  hereby  the  Teff(Tf)  relations. 
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In  Fig.  5-1,  the  temperature  correction  factors,  (?,  as  a  func¬ 
tion  of  filament  temperatures  are  shown  for  three  reactions  ex¬ 
hibiting  a  broad  spectrum  of  activation  parameters  (Table  5-1). 


Table  5-1  Reactions  studied  (activation  energies  in  kcal/mol) 


E/ln  A  „ 


I:  tert  .-Bu-O-O-tert  ,-Bu  ->•  2  tert.-Bu-O'  37.4/35.9 

II:  Me-N=N-Me  Me-N=N •  +  Me'  52.5/38.0 

III:  Et-N=N-Et  »  Et-N=N  *  +  Et*  50.0/37.5 


1.0 


Fig.  5-1.  Temperature  correction  factors,  5,  as  a  function 
of  filament  temperature. 
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It  is  observed  that  the  data  fit  rather  well  to  a  common  ''uni¬ 
versal"  p ( Tf )  curve;  this  may  seem  somewhat  surprising,  since 
it  could  be  expected  that  p  would  be  molecule  dependent  (cf. 
Gilbert,  1982).  However,  based  on  the  relatively  small  number 
of  reactions  included  in  the  above  figure  we  (Egsgaard,  Bo, 
and  Carlsen  (1985)  and  Egsgaard  and  Carlsen  (unpublished)) 
tentatively  suggested  a  single  p(Tf)  and  hereby  a  single 
Teff(Tt')  curve,  the  latter  being  visualized  in  Fig.  5-2. 

The  effect  of  variations  in,  or  poorly  determined  values  of  p 
was  also  discussed  (Egsgaard,  Bo,  and  Carlsen,  1985).  Intro¬ 
ducing  the  expression  for  Teff  (Eqn.  5-17)  in  the  rewritten 
Arrhenius  equation  (Eqn.  5-15)  the  following  expression  for  the 


^oo  .  (T,  -Tamb) 

^ao  Tomb*  P  (  T,  “Tgmt)  ) 


(5-18) 


relative  variation  in  the  activation  energy  was  derived. 

Hence,  a  10%  variation  in  p  (e.g.  =  0.8  t  0.08,  Tamb  =  300K, 
and  Tf  around  850K)  affords  variations  in  the  activation  energy 
of  less  than  t  6%,  which  in  the  present  context  appears  satis¬ 
factorily.  The  Arrhenius  factor,  log  A»  is  independent  of  p, 
however,  since  In  values  in  practice  are  determined  graphi¬ 
cally,  some  limited  variations  may  be  expected. 
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6.  SUMMARY 


The  present  report  describes,  based  on  18  previous  papers  pub¬ 
lished  in  the  period  1980-1986,  analysis  of  low-pressure  gas- 
phase  pyrolytic  reactions  by  means  of  mass  spectrometr ic  tech¬ 
niques.  The  single  chapters  describe  the  different  components 
in  the  pyrolysis  -  mass  spectrometry  system,  i.e.  the  detection 
system,  the  sample/inlet  system,  and  the  pyrolysis  reactor,  the 
applicability  being  illustrated  by  selected  examples.  A  separate 
chapter  is  devoted  to  gas-kinetic  considerations. 

Chapter  1  (Introduction) 

A  general  introduction  to  the  applicability  of  pyrolysis  in 
different  areas  of  chemical  research,  such  as  pure  physical 
chemistry,  physical  organic/inorganic  chemistry,  preparative 
organic/inorganic  chemistry,  and  a  wide  variety  of  analytical 
chemical  subjects. 

In  low-pressure  gas-phase  pyrolysis  the  pyrolysis  conditions  are 
typically  temperatures  above  750K  and  pressures  below  1  mtorr. 
The  mean  residence  times  of  molecules  in  the  pyrolysis  reactor 
ranges  from  1-100  ms.  The  strategies  for  carrying  out  low- 
pressure  gas-phase  pyrolyses  -  mass  spectrometry  are  outlined. 


C h apter  2  (The  Detection  System) 

This  chapter  focuses  on  the  applicability  of  mass  spectrometr ic 
(MS)  techniques  in  the  study  of  low-pressure  gas-phase  pyrolytic 
processes  as  the  more  informative. 

The  introduction  of  the  direct  combination  of  a  pyrolysis  reactor 
and  the  ion  source  of  a  mass  spectrometer,  equipped  with  the 


92 


soft  ionization  mode,  field  ionization  (FI)  appears  advantageous 
compared  to  the  classical  electron  impact  ionization  (El),  since 
FI  gives  rise  to  molecular  ions  only,  even  of  highly  unstable 
molecules.  The  eventual  interpretation  of  the  spectra  is  highly 
facilitated  as  the  spectra  are  not  over shaddowed  by  El  induced 
fragmentation  patterns  of  often  unknown  pyrolysis  products. 

To  elucidate  the  nature  of  the  single  components  further  the 
introduction  of  MS/MS  techniques  as  collision  activation  (CA) 
mass  spectrometry  appears  as  a  highly  effective  tool.  The  uti¬ 
lity  of  CA  mass  spectrometry  in  this  context  is  illustrated  by 
the  study  of  the  gas-phase  pyrolysis  of  the  hitherto  unknown 
1 ,2-oxathiolane. 

The  analysis  of  isomeric  compounds  may  advantageously  be  carried 
out  by  application  of  CA  mass  spectrometry ,  possibly  in  combi¬ 
nation  with  the  use  of  isotopic  substitution.  Thus,  the  isomeriz¬ 
ation  reactions  in  methyl  acetate  and  the  corresponding  mono- 
and  dithio  analogues  are  illustrative  in  this  connection.  It 
appears  that  methyl  acetate  as  well  as  methyl  thionoacetate 
pyrolytically  can  be  isomerized,  whereas  the  corresponding 
dithio  ester  surprisingly  appears  stable  towards  a  sulfur-to- 
sulfur  migration  of  the  methyl  group. 

Although  analysis  of  low-pressure  pyrolysis  reactions  in  general 
is  associated  with  pyrolysis  in  flow  reactors,  the  reactions 
may  in  ertain  cases  advantageously  be  carried  out  in  a  static 
system,  maintaining  the  FI  and  CA  mass  spectrometric  options. 
The  applicability  of  the  static  system  pyrolysis  is  demonstrated 
by  a  mechanistic  investigation  of  the  thermal  decomposition  of 
1 ,2-oxathiolane.  Hereby  the  existence  of  an  1 , 2-oxathiolane  - 
thietane- 1 -oxide  equilibrium  was  established. 
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The  final  section  in  this  chapter  is  devoted  to  a  discussion  of 
the  utility  of  reference  structures,  e.g.  generated  by  El  mass 
spectrometric  fragmentations,  as  illustrated  by  the  search  for 
the  aci-tautomer  of  nitromethane  among  the  pyrolysis  products 
generated  by  low-pressure  pyrolysis  of  nitroalkanes . 


Chapter  3  (Sample/Inlet  System) 

The  choice  of  the  inlet  system  is  closely  related  to  the  nature 
of  the  sample.  In  order  to  introduce  a  continuous  flow  of  reac¬ 
tant  into  the  pyrolysis  reactor,  whereby  the  subsequent  mass 
spectrometric  analysis  is  strongly  facilitated,  a  series  of 
inlet  systems  was  developed,  dependent  of  the  vapour  pressure 
of  the  sample:  a)  gaseous  or  easily  evaporable,  b)  liquids  ex¬ 
hibiting  a  moderate  to  low  vapour  pressure  at  ambient  temperature 
and  c)  solids.  In  cases  a)  and  b)  the  necessary  flow  a  reactant 
to  the  pyrolysis  reactor  were  controlled  by  constrictors.  The 
substance-requirement  for  the  mass  spectrometric  analysis  is  as 
low  as  0.1  ^g/s. 


Chapter  4  (The  Pyrolysis  Reactor) 

The  present  report  focuses  on  the  introduction  of  the  inductive 
heating  principle,  often  named  as  Curie-point  pyrolysis,  for 
gas-phase  pyrolytic  studies.  The  more  pronounced  difference  be¬ 
tween  conventional  types  of  reactors  and  the  equipment  for 
Curie-point  pyrolysis  is  the  nature  of  the  heated  zone.  In 
conventional  reactors  all  internal  surfaces  are  heated,  whereas 
in  the  Curie-point  pyrolyzer  the  walls  of  the  reactor  maintain 
ambient  temperature,  and  only  the  ferromagnetic  filament  in  the 
center  of  the  reactor  constitutes  the  heated  zone. 

A  major  advantage  of  the  inductive  heating  technique  is  the 
very  limited  amount  of  reac  or  material,  which  has  to  be  heated. 
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Hence,  temperature  rise  times  and  subsequent  cooling  periods 
can  be  kept  rather  short.  However,  this  technique  also  suffers 
from  a  series  of  disadvantages,  especially  the  limited  number 
of  temperatures  available. 

In  order  to  overcome  the  temperature  problem,  however,  maintain¬ 
ing  the  advantages  of  the  inductive  heating,  a  "multi-tempera¬ 
ture"  filament  was  constructed.  Thus,  arbitrarily  chosen  tempera¬ 
tures  in  the  range  from  ambient  to  the  Curie-point  of  the  fila¬ 
ment  were  available,  which  is  crucial  in  connection  with  gas- 
kinetic  studies.  For  the  latter  purpose  the  principle  of  Pulse 
Pyrolyr is  is  introduced,  i.e.  single  ion  monitoring  in  sequen- 
cies  of  pyrolyses  and  adequate  cooling  periods.  The  temperature 
control  was  based  on  extensive  computerization  of  the  pyrol¬ 
ysis  -  mass  spectrometry  system. 

It  is  generally  desirable  that  only  unimolecular  reactions  take 
place.  In  low-pressure  pyrolysis  reactor,  where  the  mean  free 
paths  for  the  molecules  are  larger  than  the  diameter  of  the 
reactor,  i.e.  a  so-called  Knudsen  reactor,  this  is  generally 
fulfilled.  An  important  consequence  of  the  very  low-pressure  is 
that  the  mean  residence  times  of  the  molecules  in  the  pyrolysis 
reactor  are  independent  of  the  internal  pressure  in  the  reactor, 
i.e.  the  mean  residence  time  depends  only  of  the  reactor  geome¬ 
try  and  the  temperature. 

A  theoretical  study  on  the  movement  of  molecules  through  low- 
pessure  reactors  clearly  demonstrates  that  in  the  case  of  Curie- 
point  pyrolyzers  the  thermal  activation,  and,  hence,  the  occur¬ 
rence  of  pyrolysis  of  the  molecules  is  a  result  of  single 
collisions  between  the  molecules  and  the  hot  filament.  Typically 
a  series  of  collisions  between  the  molecule  and  the  reactor 
walls,  maintaining  ambient  temperature,  takes  place  between  each 
molecule  -  filament  collision. 
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An  important  factor  in  gas-phase  pyrolytic  studies  is  the 
interaction  between  the  molecules  and  the  hot  surface  during 
the  thermal  activation.  Thus,  certain  compositions  of  hot 
surfaces  may  direct  the  pyrolysis  towards  certain  products. 
These  products  are  often  due  to  extensive  degradations  promoted 
by  active  sites  at  the  surface.  In  general  these  reactions  are 
unwanted  in  connection  with  studies  of  pure  thermally  induced 
reactions.  However,  selective  choice  of  surface  coating  may 
advantageously  be  applied  in  an  attempt  to  direct  pyrolysis  in 
certain  directions,  i.e.  heterogeneous  catalysis. 

Introduction  of  gold-coated  filaments  for  gas-phase  Curie-point 
pyrolysis  apparently  minimizes  the  degree  of  possible  reactions 
induced  by  the  presence  of  hot  metal  surfaces  such  as  nickel 
and  iron.  The  effect  of  gold-coating  is  illustrated  by  selected 
examples  within  the  area  of  sulfur  and  nitrogen  chemistry.  The 
pyrolysis  of  methyl  dithioacetate  constitutes  an  illustrative 
example,  as  the  pyrolysis  on  a  gold-plated  surface  results  in 
the  expected  products  (thioketene  and  methanthiol ) ,  whereas  by 
application  of  a  nickel  surface  the  compound  is  completely 
degraded  even  at  temperatures  as  low  as  350°C.  It  appears  that 
gold-coating  can  suppress  deoxygenations  (apparent  extrusion  of 
atomic  oxygen)  from  S-oxides  as  well  as  desulfurization  of 
thiocarbonyl  compounds.  Analogously  gold  coating  minimizes  de¬ 
oxygenation  of  nitro  compounds. 

Surface  promoted  deoxygenations  can,  on  the  other  hand,  be 
applied  in  order  to  generate  new  unstable  species,  as  is  illu¬ 
strated  by  the  pyrolytical  formation  of  nitroso-ethene  from  the 
corresponding  nitro  compound. 


In  certain  cases  the  surface  may  be  directly  involved  in  the 
reaction  by  donating  additional  atoms  to  primary  generated  reac¬ 
tive  species.  This  is  illustrated  by  the  reaction  of  nitrenes. 
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phenyl  nitrene  or  imidogen,  with  elemental  carbon  leading  to 
the  corresponding  nitriles,  i.e.  benzonitrile  and  hydrogen 
cyanide,  respectively. 


Chapter  5  (Gas  Kinetic  Consideration) 

Typically  gas-kinetic  investigations  of  low-pressure  pyrolysis 
reactions  is  associated  with  sophisticated  mathematical  opera¬ 
tions.  One  of  the  problems  in  this  context  is  that  the  mole¬ 
cules  in  low-pressure  pyrolysis  reactors  do  not  reach  the 
reactor  temperature,  i.e.  the  so-called  fall-off  problem.  This 
chapter  describes  some  very  simple  considerations  of  an  empiri¬ 
cal  treatment  of  kinetic  problems,  based  on  an  "Effective 
Temperature  Approach",  i.e.  estimating  the  temperature,  i.e. 
the  actual  energy  distribution,  that  the  molecules  apparently 
reach  in  the  reactor  at  a  given  operating  temperature.  Hence, 
the  reactor  may  be  "calibrated”,  based  on  reactions  exhibiting 
known  kinetics  to  give  a  correction  term  correlating  the  fila¬ 
ment  temperaturs  to  the  actual  reaction  temperature,  i.e.  the 
effective  temperature.  The  principle  of  calibrating  the  reator 
is  illustrated  by  kinetic  studies  on  some  simple  reactions 
exhibiting  a  broad  spectrum  of  activation  parameters.  Finally 
the  expected  minor  effects  of  possibly  poorly  determined  corre¬ 
lation  factors  are  discussed. 
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DANSK  RESUME 


Narvarende  rapport  beskriver,  pS  baggrund  aE  18  artikler  publi- 
ceret  i  perioden  1980  -  1986,  studier  af  gasfase  pyrolytiske 
reaktioner  ved  lavt  tryk  under  anvendelse  af  massespektrometr i- 
ske  teknikker.  De  enkelte  karitler  beskriver  de  forskellige 
komponenter,  der  indgdr  i  pyrolyse  -  massespektrometr i  systemet, 
dvs.  detektorsystemet ,  inletsystemet  samt  pyrolysereaktoren . 
Anvendelsen  af  systemet  bliver  illustreret  med  udvalgte  eksemp- 
ler.  I  et  afsluttende  kapitel  beskrives  overvejelser  i  forbind- 
else  med  gaskinetiske  undersogelser . 


Kapitel  1  (Introduktion) 

Der  gives  en  generel  introduktion  til  anvendelsen  af  pyrolyse- 
teknikken  inden  for  forskellige  omr4der  af  kemisk  forskning  som 
ren  fysisk  kemi,  fysisk  organisk/uorganisk  kemi,  praparativ 
organisk/uorganisk  kemi,  samt  en  lang  rakke  emner  inden  for  ana- 
lytisk  kemi. 

Lavtryks  gasfase  pyrolyse  gennemfares  typisk  ved  temperaturer 
over  750K  og  tryk  under  1  mtorr.  Middelopholdstiden  for  moleky- 
lerne  i  pyrolyse  reaktoren  spander  fra  1  til  ca.  100  ms.  Der  af- 
stikkes  retningslinier  for  gennemfarelsen  af  gasfase  pyrolyse  - 
massespektrometr i  undersagelser . 


Kapitel  2  (Detektorsystemet) 

Dette  kapitel  fokuserer  p4  anvendelsen  af  massespektrometriske 
(MS)  teknikker  til  studier  af  lavtryks  gasfase  pyrolytiske  pro¬ 


cesser 
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Introduktionen  af  en  direkte  kombination  mellem  en  pyrolyse 
reaktor  og  ionkilde  p£  et  massespektrometer ,  der  er  udstyret 
med  "bled  ioniser ing" ,  feltionisation  (FI),  fremstdr  som  fordel- 
agtig  sammenlignet  med  den  klassiske  ’electron  impact'  ionise- 
ring  (El),  idet  FI  kun  giver  anledning  til  dannelse  af  molekylar- 
ioner,  selv  af  ssrdeles  ustabile  molekyler.  Fortolkningen  af  de 
resulterende  massespektre  bliver  herigennem  meget  enklere,  idet 
spektrene  ikke  fremstdr  som  et  overlap  mellem  en  raekke  El 
inducerede  fragmenter ingsmanstre  fra  ofte  ukendte  pyrolysepro- 
dakter . 

Til  et  narmere  studie  af  de  enkelte  komponenter  i  pyrolysatet 
viser  MS/MS  teknikker,  som  fx  koll isionsaktiverings  (CA)  masse- 
spektrometr i ,  sig  at  v*re  et  sardeles  effektivt  varktoj .  Anvende- 
ligheden  af  CA  massespektrometri  illustreres  i  denne  sammenhang 
ved  studiet  af  gasfase  pyrolysen  af  den  hidtil  ukendte  1,2-oxa- 
thiolan. 

Analyse  af  isomere  forbindelser  kan  med  stor  fordel  udfores  under 
anvendelse  af  CA  massespektrometri,  eventuelt  i  forbindelse  med 
isotopsubstitution.  Sciledes  er  isomeriser ingen  af  methyl  acetat 
samt  de  analoge  mono-  og  d ithioforbindelser  undersogt.  I  modsat- 
ning  til  methyl  acetat  og  methyl  thionoacetat ,  der  begge  pyroly- 
tisk  kan  isomer iseres ,  viser  den  tilsvarende  dithioester  sig 
at  vare  stabil  m.h.t.  svovl-t il-svovl  methylgruppe  migration. 

Selvom  lavtryks  pyrolyse  normalt  forbindes  med  pyrolyse  i  flow 
systeiner,  kan  reaktioner  i  nogle  tilfalde  med  fordel  gennemfares 
i  statiske  systemer,  idet  man  stadig  opretholder  FI  og  CA  masse¬ 
spektrometri  som  detektionsmetode.  Anvendel igheden  af  det  stati¬ 
ske  pyrolyse  system  er  demonstreret  med  en  mekanistisk  undersog- 
else  over  den  termiske  nedbrydning  af  I  ,2-oxatniolan.  Herigen¬ 
nem  blev  eksistensen  af  en  1  ,2-oxathiolan-thietan-1-oxid  lige- 
vagt  fastslSet. 


En  afsluttende  del  af  dette  kapitel  helliger  sig  en  diskussion 
af  anvendelsen  af  referencestrukturer ,  fx  genereret  ved  hjalp 
af  El  massespektrometr isk  f ragmenter ing .  Et  studie,  der  havde 
til  hensigt  at  fremstille  den  neutrale  ac i-tautomer  af  nitrome- 
than  ved  pyrolytisk  omle jr ing/fragmentering  af  nitroalkaner 
tjener  som  illustration  heraf. 


Kapitel  3  ( Inletsystem) 

Valget  af  inletsystem  er  tat  sammenknyttet  med  egenskaberne  af 
den  prover,  der  anskes  pyrolyseret.  Med  henblik  p5  at  fS  et  kon- 
stant  flow  af  reaktant  ind  i  pyrolyse  reaktoren,  hvorved  den 
ef terfalgende  MS  analyse  lettes,  er  en  rakke  simple  inletsystemer 
udviklet  afhangig  af  pravens  damptryk:  a)  gasformige  eller  let- 
fordampelige  praver,  b)  praver  med  moderat  til  lavt  damptryk 
samt  c)  faste  praver.  I  til  faldene  a)  og  b)  styres  det  nadven- 
dige  flow  ved  brug  af  en  konstriktor.  Pravemangden ,  der  kraves 
til  den  massespektrometriske  analyse,  er  sardeles  beskedne, 
hvilket  vil  sige  i  starrelsesordenen  0.1  pig/s. 


Kapaitel  4  (Pyrolyse  reaktoren) 

Narvarende  rapport  fokuserer  p&  indfarslen  af  induktiv  opvarm- 
ning,  kendt  som  Curie-punkts  pyrolyse,  til  gasfase  pyrolytiske 
studier.  Den  mest  udtalte  forskel  p4  Curie-punkt  reaktoren, 
sammenl ignet  med  mere  konventionelle  reaktorer  er  udformningen 
af  den  varme  zone.  I  konventionelle  reaktorer  er  typisk  alle 
indre  overflader  opvarmet  til  pyrolysetemperaturen,  mens  i 
Curie-punkts  reaktoren  bibeholder  reaktorvaggen  omgivelsernes 
temperatur,  sAledes  at  kun  det  f erromagnet iske  filament  i  midten 
af  reaktoren  udgor  den  opvarmede  zone. 


En  vigtig  fordel  ved  anvendelse  af  den  induktive  opvarmning  er 
den  relativt  begransede  mater ialemangde ,  der  skal  opvarmes.  Det 
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vil  sige  temperaturandringer ,  bide  i  op-  og  nedadgSende  retning 
kan  gennemfares  hurtigt.  Imidlertid  lider  metoden  ogs£  af  ulem- 
per.  Her  kan  specielt  navnes  det  relativt  begransede  antal 
temperaturer ,  der  er  til  rSdighed. 

For  at  afhjalpe  dette  temperaturproblem ,  men  stadig  bibeholde 
den  induktive  opvarmnings  fordele  er  der  konstrueret  et  "multi- 
temperatur"  filament.  Dette  giver  mulighed  for,  med  et  og  samme 
filament,  at  anvende  temperaturer  vilk&rligt  valgt  i  omrlidet  fra 
stuetemperatur  til  filamentets  Curie-punkt.  Specielt  i  forbind- 
else  med  gennemfarelse  af  gaskinetiske  studier  er  dette  af  stor 
betydning.  Til  dette  sidstnavnte  omrSde  indfores  begrebet 
Pulspyrolyse ,  dvs.  enkeltion  mSlinger  i  sekvenser  af  pyrolyser 
og  passende  nedkol ingsper ioder .  Temperaturkontrollen  til  dette 
er  baseret  p5  extensiv  brug  af  computerisering  af  pyrolyse  - 
massespektrometr i  systemet. 

Normalt  er  det  onskeligt,  at  kun  unimolekylare  reaktioner  finder 
sted.  I  lavtryks  reaktorer,  hvor  den  middelfri  vejlangde  af 
molekylerne  er  starre  end  reaktorens  diameter,  dvs.  i  sakaldte 
Knudsen  reaktorer,  er  dette  anske  normalt  opfyldt.  En  vigtig 
konsekvens  af  de  meget  lave  tryk  er,  at  middelopholdst iden  for 
molekylerne  i  reaktoren  kun  er  afhangig  af  reaktorgeometr i  og 
-temperatur,  men  uafhangig  af  dr  t  indre  tryk  i  reaktoren. 

Et  teoretisk  studie  af  molekylbevagelser  igennem  lavtryks  reak¬ 
torer  viser,  at  i  Curie-punkts  reaktorer  er  den  termiske  akti- 
vering,  og  hermed  pyrolysen,  af  molekylerne  et  resultat  af 
enkel tkol 1 is ioner  raellem  molekylerne  og  f ilamentoverfladen.  En 
konsekvens  heraf  er,  at  der  typisk  foregir  en  rakke  kollisioner 
mellem  molekylerne  og  reaktorvaggen  (stuetemperatur),  dvs.  en 
termisk  deaktivering,  mellem  hvert  molekyl  -  filament  sted. 


En  vigtig  faktor  i  gasfase  pyrolytiske  studier  er  vekselvirk- 
ningen  mellem  molekylerne  og  den  varme  overflade  i  forbindelse 
med  den  termiske  aktivering.  SAledes  kan  visse  sammensatninger 
af  overflade  dirigere  pyrolysen  imod  bestemte  produkter.  Ofte 
er  disse  produkter  et  resultat  af  en  kraftig  nedbrydning  og 
hermed  uansket  i  studier  af  rene  termiske  reaktioner.  Imidlertid 
mA  det  ikke  glemmes,  at  selektiv  overf ladebehandl ing  kan  anven- 
des  til  at  styre  reaktioner  mod  anskede  produkter,  dvs.  hetero¬ 
gen  katalyse. 

Introduktionen  af  guldbelagte  filamenter  til  gasfase  Curie- 
punkts  pyrolyse  minimiserer  tilsyneladende  reaktioner  induceret 
af  aktive  metalover flader  som  nikkel  og  jern.  Effekten  af  guld- 
behandlingen  illustreres  med  udvalgte  eksempler  inden  for  svovl 
og  nitrogenkemien,  Pyrolyse  af  methyl  dithioacetat  viser  effekt¬ 
en  tydeligt,  idet  pyrolyse  pA  guldbelagte  filamenter  giver 
anledning  til  dannelse  af  de  forventede  produkter  (thioketen  og 
methanthiol )  ,  mens  anvendelse  af  en  nikkelover f lade  resulterer 
i  en  fuldstadig  dekomponer ing  allerede  ved  temperaturer  sA  lave 
som  350°C .  Guldbehandl ingen  kan  tilsyneladende  undertrykke  de- 
oxygenerer ing  (formelt  tab  af  atomart  oxygen)  fra  S-oxiaer  og 
desulfuriser ing  af  thiocarbonylforbindelser .  Analog!  minimiserer 
guldbehandl ing  deoxygenerer ingen  af  nitroforbindelser  . 

Over f lade induceret  deoxygenerer ing  kan  imidlertid  anvendes  se- 
lektivt  til  generering  af  ellers  vanskeligt  tilgangelige  for- 
bindelser.  Her  tjener  dannelsen  af  nitrosoethen  fra  den  til- 
svarende  nitroforbindelse  som  et  illustrativt  eksempel. 

I  enkelte  tilfalde  kan  overflader  direkte  indgA  i  reakt ionsfor- 
lab  ved  at  donere  ekstra  atomer  til  primart  dannede  reaktive 
specier.  Dette  er  anskuel igg jort  ved  studier  af  reaktionen 
mellem  nitrener  og  elementart  carbon,  en  reaktion,  der  forer 
til  det  tilsvarende  nitriler. 
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Kapitel  5 _ ( Gaskinetiske  overvejelser ) 

Typisk  involverer  gaskinetiske  studier  af  lavtryks  pyrolytiske 
reaktioner  temmelig  kompl iceret  matematik.  Et  af  problemerne  i 
c.nne  sammenhang  er,  at  molekylerne  i  lavtryks  reaktorer  ikke 
opnSr  reaktortemperaturen ,  det  sSkaldte  “fall-off"  problem.  I 
dette  kapitel  gennemgSs  en  rakke  meget  simple  overvejelser  i 
forbindelse  med  en  empirisk  behandling  af  gaskinetiske  problem- 
er,  baseret  pS  princippet  om  "Effektiv  temperatur" ,  dvs.  en 
bestemmelse  af  den  temperatur  (aktuel  energ ifordel ing ) ,  moleky¬ 
lerne  rent  faktisk  opnSr  i  reaktoren  ved  en  given  reaktor tempe¬ 
ratur.  Dette  betyder,  at  reaktoren  "kalibreres"  pS  baggrund  af 
studier  af  en  rakke  reaktioner  med  kendte  aktiveringsparametre , 
hvilket  giver  anledning  til  fastlaggelse  af  et  korrektionsled , 
der  giver  sammenhangen  mellem  reaktortemperaturen  og  den  tempe¬ 
ratur,  molekylerne  opn&r,  dvs.  den  effektive  temperatur.  Prin¬ 
cippet  med  at  kalibrere  reaktoren  illustreres  ved  kinetiske 
studier  pS  nogle  simple  reaktioner,  der  udviser  et  bredt  spek- 
trum  af  aktiveringsparametre.  Til  slut  diskuteres  de  smS  effek- 
ter,  der  kan  forventes  at  vare  resultatet  af  dSrligt  bestemte 
kor relat ions  faktorer . 
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ABSTRACT 


Flash  vacuum  thermolysis  in  combination  with  field  ionization  mass  spectrometry, 
supplementary  with  collision  activated  spectra  of  the  single  field  ionized  molecules,  is 
shown  to  be  a  facile  and  highly  informative  method  for  studying  even  very  complex  mix¬ 
tures  of  primarily  formed  products  in  the  gas  phase  thermolysis  of  organic  molecules. 
The  method  allows  quantitative  detection  of  substances  with  half  lifes  fv,  >  10~J  sec.  A 
detailed  description  of  the  apparatus,  which  offers  the  possibility  of  studying  gas  phase 
thermolyses  over  a  wide  range  of  temperatures  (300—1400  K),  and  the  method  is  given, 
and  possible  applications  discussed. 


INTRODUCTION 

In  recent  years  the  flash  vacuum  thermolysis  (FVT)  technique  has  become 
widespread  in  the  study  of  highly  reactive,  and  rather  short-lived  intermedi¬ 
ates  in  the  gas  phase  thermolytic  decomposition  reactions  of  organic  mole¬ 
cules  [1—3],  In  general,  the  thermolyses  are  followed  by  rapid  thermal 
quenching  of  the  products  on  a  liquid  nitrogen  cooled  cold  finger,  possibly 
supplementary  with  spectroscopic  detection  systems  such  as  IR  [4—6]  and/ 
or  UV— VIS  spectrophotometers  [4.5],  Direct  combinations  of  FVT  units 
and  photoelectron  spectroscopy  (PES)  [7],  microwave  spectroscopy  (MWS) 
[6,8],  and  electron  impact  ionization  mass  spectroscopy  (EI-MS)  [1,6, 
8—10]  have  been  reported.  However,  these  methods  ail  have  a  somewhat 
limited  applicability,  since  the  spectroscopic  assignment  may  be  extremely 
complicated  in  cases  where  the  thermolyses  lead  to  a  mixture  of  several,  and 
often  unknown,  products. 

In  order  to  supply  the  need  for  an  effective  method  of  studying  primarily 
formed  products  in  gas  phase  thermolytic  reactions,  not  necessarily  unstable, 
we  report  here  a  simple  FVT  technique,  which  does  not  suffer  from  the 
above-mentioned  failing.  The  method  is  based  on  the  direct  combination  of 
a  thermolysis  unit  and  field  ionization  mass  spectrometry  (FI-MS)  [11,12] 
complementary  with  collision  activation  mass  spectrometry  (CA-MS)  [13] 
of  the  single  field  ionized  molecules. 


APPARATUS 


In  contrast  to  the  often  rather  complicated  glassware  thermolyzers 
[2,7,14],  we  have  constructed  a  simple  and  effective  thermolysis  unit  as  a 
modification  of  the  Pye  Unicam  PV4000  prp-rolumn-nyrolysis-svstem. 
which  is  based  on  the  Curie-pomt  pyrolysis  technique  [15],  i.e.  the  high 
frequency  inductive  heating’ in  ferromagnetic  materials. 

The  thermolysis  unit  (Fig.  1)  consists  of  three  main  parts:  (a)  injection 
block,  (b)  reactor  (hot  zone),  and  (c)  line-of-sight  inlet  system  as  thermolysis 
unit— mass  spectrometer  interface.  The  injection  block  (brass)  is  connected 
directly  to  the  Curie-point  pyrolyzator,  the  latter  being  connected  to  the 
Varian  line-of-sight  inlet  system  by  an  adapter  flange  (Fig.  1H).  Inside  the 
thermolysis  unit  a  quartz  lining  tube  is  placed  (Fig.  IE)  with  an  i.d.  of 
2  mm.  which  leads  the  thermolysis  products  directly  into  the  ion  source  of  a 
Varian  MAT  CHS  D  instrument  (the  magnetic  sector  preceeding  the  electric 
sector)  equipped  with  a  combined  electron  impact  iomzation/field  iomza- 
tion/field  desorption  (EI/FI/FD)  ion  source.  The  field  ion  emitter  was  a  10 
pm  tungsten  wire  activated  in  benzomtnle  vapour.  The  maintenance  of  the 
vacuum  in  the  system  is  based  on  differential  pumping  (mercury  diffusion 
pumps)  of  the  ion  source,  analyzer  tube,  and  the  electric  sector.  Pumping 
speed  was  3  X  150  1  sec'1.  The  total  set-up  is  shown  in  Fig.  2. 

The  internal  pressure  in  the  thermolysis  unit,  especially  in  the  reactor, 
is  of  importance  for  the  possible  exclusion  of  bimolecular  reactions.  In  order 
to  estimate  the  working  pressure  in  the  thermolysis  unit  we  studied  the  pos¬ 
sible  recombination  of  terr-butoxy  radicals  to  di-terr-butvl-peroxide.  The 
radicals  are  generated  thermally  by  thermoiyzmg  ai-tert-hutyl-peroxide  [16] 
at  1043  K,  at  which  temperature  the  latter  is  completely  cieaved  into  terr- 
butoxy  radicals.  We  have  not  been  able  to  detect  the  recombination  product 
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Fig.  1.  Thermolysis  unit.  A,  Septum,  B,  injection  block  heater;  C,  thermocouple  for  tem¬ 
perature  readout;  D.  rubber  washer;  E.  quartz  lining  tube;  F,  ferromagnetic  wire;  G,  high 
frequency  induction  coil;  H,  adapter  flange;  I,  gold  wire  sealing. 
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Fig.  2.  Thermolysis  unit  —  mass  spectrometer  set-up.  A,  Thermolysis  unit;  3.  EI/FI/FD 
ion  source;  C,  entrance  slit;  D.  analyser  tube;  E,  magnetic  sector;  F.  intermediate  focus 
slit;  G,  needle  valee;  H.  electric  sector;  f,  collector  slit;  J,  detector  (SEM). 


by  the  FI-MS  method,  which  means  that  it  is  formed  in  yields  of  less  than 
1%,  leading  us  to  the  following  expression  [3,10] 

A[t-BuO-J,  =  t-BuO-]  <  0.01  (1) 

where  i[t-BuO],  is  the  fraction  of  the  radicals  which  have  recombined  in 
the  time  f_,r  (mean  residence  .tmel  with  a  rate  constant  kT;  the  latter  is  in 
the  present  case  reported  to  be  103'3  sec';  [IT],  Taking  the  mean  residence 
time,  tmr,  arbitrarily  to  be  10"3  sec,  it  follows  from  eqn.  (1)  that  [f-BuO]  < 
10' 7'5,  which  corresponds  to  an  internal  pressure,  less  than  5  X  10'J  torr. 
i.e.  the  mean  free  paths  for  the  molecules  are  larger  than  the  diameter  of  the 
reactor,  and  the  intermolecuiar  collision  frequency  is  consequently  very  low, 
which  means  that  bimolecular  reactions  can  hardly  be  expected.  Further¬ 
more,  based  on  the  above  estimate  it  is  seen  that  the  thermolysis  unit,  and 
as  a  part  of  the  latter,  the  reactor,  fulfils  the  requirements  for  a  Knudsen 
reactor  [3,10,18],  i.e.  the  mean  residence  time  tmr  depends  only  on  the 
actual  geometry  of  the  latter  (1  40  mm,  i.d.  2  mm)  and  the  temperature, 
and  not  the  internal  pressure.  The  mean  residence  time  in  the  reactor  (con¬ 
tact  time  in  the  hot  rone)  can  then  be  calculated  according  to  the  Knudsen 
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formula  [10,18] 

fmr  =  4 VlEA  sec  (2) 

with  V  as  the  reactor  volume  and  A  as  the  area  of  the  orifice  (0.03  cm3).  The 
mean  molecular  rate,  c[  can  be  estimated  according  to  the  kinetic  gas  theory 

c"-  1.46  X  104(77Af)‘'3  cm  sec’1  (3) 

where  T  is  the  reactor  temperature  and  M  is  the  molecular  weight  of  the 
molecule  under  investigation,  e.g.  T  =  800  K,  M  =  200  gives  c"=  2.92  x  104 
cm  sec'1,  and  consequently  f]„P  =  5.7  X  10'4  sec.  A  similar  estimate  for  the 
line-of-sight  inlet  system  (1  25  cm)  gives  a  mean  residence  time  C*mt  =  3.6  X 
10 'J  sec  (T  =  400  K.  M  =  100). 

In  spite  of  the  above  exclusion  of  bimolecular  reactions,  secondary 
processes,  as  are  consecutive  unimolecuiar  decompositions  of  thermally 
labile  primary  formed  reaction  products,  have  to  be  considered.  Firstly,  a 
direct  rethermolysis  in  the  hot  zone  (reactor)  has  to  be  discussed.  The  simple 
first-order  rate  law  d[  A]/df  =  fe[A]  can,  for  small  time  intervals,  be  rewritten 
as 

A[A]/[A]  =  fc„At  (4) 

kA  being  the  rate  constant  for  the  unimolecuiar  decomposition,  and  A[A]/ 
[A]  the  fraction  of  primarily  generated  A  which  has  decomposed  within  the 
time  At;  the  latter  can,  in  the  present  case,  be  chosen  as  the  mean  residence 
time  in  the  reactor  t[„P.  An  estimate  of  the  degree  of  rethermolysis  of  a  com¬ 
pound  exhibiting  a  rate  constant  can  then  be  directly  obtained  from  eqn. 
(4),  e.g.  a  degree  of  rethermolysis  less  than  1%  can  be  expected  for  reactions 
with  rate  constants,  at  the  appropriate  temperature.  kd  <  103  sec'1. 
Secondly,  the  possible  decomposition  in  the  heated  line-of-sight  inlet  system 
will  be  discussed;  this  is  probably  the  major  problem  in  cases  where  the 
primary  generated  compounds  are  highly  thermally  labile,  since  the  mean 
residence  time  in  this  part  of  the  system,  t*mP,  is  ca.  10  times  higher  than  t]„P. 
However,  the  temperature  in  the  inlet  system  is  in  general  much  lower  than 
the  reactor  temperature.  Under  normal  conditions  it  is  possible  to  observe 
products  present  in  amounts  down  to  0.1— 1.0%  relative  yield  (molar  frac¬ 
tion),  depending  on  the  FI  sensitivities  [12]  of  the  compounds  under  investi¬ 
gation.  which  means  the  relation  in  eqn.  (4)  becomes 

A(A]/[A1  =Vmr<  0.99  (5) 

Using  the  above  conditions  for  the  line-of-sight  inlet  system  ( T  =  400  K,  M  = 
100,  fJ„P  =  3.6  X  10'3  sec)  gives  kd  <  2.9  X  103  sec"1,  corresponding  to  a  half 
life  t„j  >  2.4  X  10'3  sec,  i.e.  labile  compounds  with  half  lifes  greater  than  ca. 
10'3  sec  would  in  general  be  observable.  It  is,  however,  noteworthy  that  in 
special  cases,  compounds  with  even  smaller  half  lifes  may  be  observed.  Thus 
the  unimolecuiar  thermal  decomposition  of  ferf-butoxy  radicals  into  acetone 
and  methyl  radical  proceed  at  400  K  with  a  rate  constant  kA  =  10J  s  sec 
[19],  corresponding  to  a  f„,  ai  2  X  10'3  sec.  and  we  are  able  to  detect  minor 
amounts  of  the  radicals,  approximately  0.2%  assuming  comparable  FI  sensi¬ 
tivities  of  the  fert-butoxy  radicals  and  acetone. 
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METHOD 

In  general,  studies  of  the  unimolecular  gas  phase  thermolytic  decomposi¬ 
tions  of  organic  molecules  are  carried  out  in  the  following  way.  Samples  of 
ca.  50  pg  of  the  pure  compound  are  introduced  (micro-syringes)  into  the 
reactor,  equipped  with  the  filamenc  with  the  appropriate  Curie  tempera¬ 
ture,  via  the  heated  injection  block.  To  prevent  condensation  in  the  latter 
part  of  the  system,  the  line-of-sight  inlet  system,  connecting  the  reactor  and 
the  mass  spectrometer  ion  source,  is  heated. 

Owing  to  the  relative  fast  evaporation  of  the  samples  in  the  injection 
block  (ca.  5—10  sec)  the  FI-MS  spectra  must  be  recorded  with  a  scan  rate  of 
50—100  a.u.  sec'1  (signal-to-noise  >  1000). 

Collision  activated  mass  spectra  [13]  were  obtained  introducing  helium 
as  collision  gas  via  a  needle  valve  (Fig.  2G)  into  the  second  field  free  region 
of  the  mass  spectrometer.  The  collision  gas  is  admitted  as  a  molecular  gas 
beam  focussed  on  the  ;on  beam  just  behind  the  intermediate  focus  slit  (Fig. 
2F).  Appropriate  adjustment  of  the  magnetic  field  secures  passage  of  only 
the  desired  ion  through  this  slit.  The  CA-MS  Spectra  of  the  single  ions  are 
obtained  by  scanning  the  electrostatic  field,  and  are  recorded  within  5  sec 
(signal-to-noise  ca.  50). 

It  can  be  mentioned  that  in  cases  of  samples  with  very  low  vapour  pres¬ 
sures  the  injection  block  is  disconnected  and  samples  are  placed  directly 
onto  the  ferromagnetic  wire  by  the  dip-coating  technique  [9.15].  However, 
using  this  latter  method  the  evidence  of  pure  gas  phase  thermolysis  is  lost. 


APPLICATIONS  AND  DISCUSSION 

The  paramount  advantage  of  the  combination  of  the  thermolysis  unit  with 
field  ionization  mass  spectrometry  (FI-MS)  as  detection  system  reported 
here,  is  to  be  sought  in  the  field  ionization  principle  [11,12].  The  detection 
system  offers  the  possibility  of  analyzing  even  very  complex  reaction 
product  mixtures,  since  FI  takes  place  with  no  excess  energy,  excluding 
polarization  by  the  high  electric  field,  to  the  neutral  molecule  [11],  i.e.  FI 
gives  rise  to  molecular  ions  —  even  of  very  unstable  substances  —  accompa¬ 
nied  only  by  a  very  few,  if  any,  fragment  ions,  generally  of  low  intensity 
(<1%)  [12],  This  is  in  contrast  to  El,  which  may  yield  complicated  electron 
impact  induced  fragmentation  patterns,  which  leads  to  further  confusion 
when  they  are  to  be  described  as  superpositions  of  EI-MS  spectra  of  several, 
and  often  unknown,  reaction  products. 

It  should  in  this  connection  be  noted  that  another  soft  ionization  method 
chemical  ionization  (Cl)  [20]  does  not  reveal  the  same  advantages  although 
the  sensitivity  of  CI-MS  is  comparable  to  that  of  EI-MS,  since  Cl  operates 
at  pressures  around  1  torr,  i.e.  bimoiecuiar  reactions  cannot  be  excluded. 
Furthermore,  it  is  to  be  expected  that  the  bimoiecuiar  ionization  mechanism 
[20]  will  mask  the  thermal  formation  of  reactive  species. 

To  illustrate  the  superiority  of  FI-MS  relative  to  EI-MS  as  detection  sys¬ 
tem  in  FVT  experiments,  we  have  studied  FI-MS,  13  eV  EI-MS,  and  70  eV 
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EI-MS  spectra  following  thermolysis  of  the  trimethylsilyl-thionocarboxylate 
(I)  at  1043  K,  the  thermolysis  of  I  being  studied  as  a  part  of  our  current 
investigations  on  gas  phase  thermolytic  decompositions  of  thionocarboxyl- 
ates  [21]. 

t-Bu  S 

\h-c* 

i-Pr  S  O-SiMe^ 


We  find  that  I  fragments  strongly  under  thermolytic  conditions,  whereas 
no  FI  induced  fragmentation  is  observed.  Based  on  the  FI-MS  spectrum  ob¬ 
tained  following  thermolysis  at  1043  K  (Fig.  3a),  the  overall  reaction  may  be 
rationalized  in  the  following  way 
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Figure  3b  and  c,  depicting  the  13  and  70  eV  EI-MS  spectra  of  following 
thermolysis  at  1043  K,  clearly  illustrates  the  difficulties  of  using  EI-MS  as 
detection  system.  Compound  I.  as  well  as  the  reaction  products,  strongly 
fragmentate  under  70  eV  EI-MS  conditions,  and  it  is  seen  that  several  of  the 
reaction  products  do  not  even  exhibit  molecular  ions  ( Fig.  3c  1,  a  fact  which 
is  certainly  not  limited  to  these  special  compounds.  A  rationalization  of  the 
above  reaction  scheme,  based  on  the  spectrum  shown  in  Fig.  3c,  is  obviously 
extremely  difficult,  if  not  impossible;  neither  does  the  low  voltage  13  eV  EI- 
MS  spectrum  (Fig.  3b)  in  the  present  case  clarify  the  product  composition, 
since  decreasing  the  ionization  energy  gives  rise  to  molecular  ions  without 
sufficient  energy  to  be  degraded  by  multiple  pathways  leading  to  fragment 
ions  with  lower  m/z  values.  Thus  the  13  eV  EI-MS  spectrum  is  characterized 
by  more  pronounced  molecular  ions  together  with  fragment  ions  originating 
from  the  more  energetically  favoured  fragmentation  pathways.  Hence,  the 
latter  spectrum  is  almost  to  be  described  as  a  superposition  of  the  FI-MS  and 
the  70  eV  EI-MS  spectra,  i.e.  the  electron  impact  induced  fragmentations  are 
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Fig,  3,  FI-MS,  13  eV  EI-MS.  and  70  eV  EI-MS  speci.-a  obtained  following  flash  vacuum 
thermolysis  of  1  at  1043  K.  Since  [  is  totally  degraded  at  this  temperature  r.o  molecular 
ion  (3/  =  346)  is  observed. 


still  observed,  but  simultaneously  the  molecular  ions  have  grown  in. 

Additionally  it  should  be  mentioned  that  in  cases  where  the  electron  im¬ 
pact  induced  and  the  thermally  induced  fragmentations  resemble  each  other, 
small  changes  in  the  spectrum  due  to  the  latter  may  weil  be  drowned  in  the 
former.  Furthermore,  it  is  obvious  in  the  present  case  that  otner  conven¬ 
tional  detection  systems,  such  as  IR-.  UV7VIS-,  PE-,  or  MW  spectroscopy, 
would  not  leave  any  possibility  of  rationalizing  a  reaction  scheme  as  shown 
above:  neither  would  a  simple  isolation  technique. 

The  FI-MS  detection  system  enables  us  to  detect  all  organic  reaction 
products  formed  in  relative  yields  (molar  fractions),  generally  above  0.01. 
Small  inorganic  fragments,  however,  are  not  detectable  using  this  technique, 
as  these  compounds  have  very  low  Fl-weight  sensitivities.  Additionally,  the 
geometry  of  the  ion  source  of  the  mass  spectrometer  used  may  play  an  im¬ 
portant  role  [12]. 

However,  although  the  obtained  FI-MS  spectra  of  the  thermoivsates  give 
extremely  valuable  primary  information  about  the  product  compositions, 
the  EI-MS  spectra  of  the  single  species  in  the  reaction  product  mixtures 
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would  be  rather  profitable  in  the  search  for  further  information  on  the  struc¬ 
tures,  in  cases  of  doubt,  of  the  individual  products,  since  it  should  be  remem¬ 
bered  that  FI-MS  spectra  in  general  do  not  provide  any  structural  informa¬ 
tion  due  to  the  lack  of  fragment  ions.  (Valuable  information  on  the  compo¬ 
sition  of  the  single  compounds  can,  however,  be  obtained  by  intensive 
studies  of  the  isotopic  peaks  in  the  FI-MS  spectra.)  The  additional  recording 
of  the  CA-MS  spectra  of  the  single  field  ionized  molecules  [13],  however, 
supplies  this  want,  as  the  collision  of  molecular  ions  of  high  kinetic  energy 
(>3  keV)  with  neutral  target  atoms  of  low  molecular  weight,  e.g.  helium,  is 
known  to  give  rise  to  a  large  variety  of  fragments.  In  general,  these  types  of 
fragments  resemble  those  formed  under  normal  70  eV  electron  impact  con¬ 
ditions  [13].  Mo  interference  from  even  large  quantities  of  other  compounds 
can  disturb  the  CA-MS  spectra,  as  long  as  they  do  not  have  the  same  molec¬ 
ular  weight  as  the  compound  under  investigation.  To  illustrate  the  use  of  CA¬ 
MS,  we  studied  the  gas  phase  thermolysis  of  5-phenyI-l,2,3,4-thiatnazole  (II) 
at  1043  K.  In  Fig.  4  the  FI-MS  spectra  of  II  without  thermolysis  and  follow- 


Fig.  4.  FI-MS  spectra  of  5-phenyi-l,2,3,4-thiatriazole  (III  without  thermolysis  (22]  and 
following  thermolysis  at  1043  K,  and  CA-MS  spectrum  of  the  thermoivsate  with  in  .  a  = 
103. 
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ing  thermolysis  at  1043  K  are  depicted  together  with  the  CA-MS  spectra  of 
the  thermolysate  with  the  molecular  ion  103;  the  CA-MS  spectrum  of  the 
latter  is  in  complete  accordance  with  the  previously  reported  spectrum  of 
benzonitrile  [13],  in  agreement  with  the  known  thermal  decomposition  of 
II  [22], 
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It  is  noteworthy  in  this  connection  that  the  very  simple  introduction  of 
the  collision  gas  (Fig.  2)  used  is  profitable  since  it  gives  rise  to  rather  intense 
CA-MS  spectra,  which  enable  us  to  record  the  complete  spectra  1 0 . 1 — l.OEt 
within  a  few  sec  (see  above),  i.e.  even  of  rather  unstable  compounds,  in 
contrast  to  the  much  slower  recording  reported  by  other  authors  [23],  (In 
cases  of  stable  reaction  products  a  direct  comparison  between  the  CA-MS 
spectra  with  those  obtained  from  authentic  samples  is  expedient.! 

The  method  described  here  gives  the  possibility  of  a  wide  choice  of  stabil¬ 
ized.  accurately  controlled,  and  reproducible  thermolysis  temperatures 
[9,24],  as  a  wide  range  of  ferromagnetic  materials  with  Curie-points  from  ca. 
300—1400  K  are  readily  available.  It  is  obvious  that  by  studying  composite 
reaction  mechanisms  the  mutual  product  ratios  as  a  function  of  reaction 
temperatures  may  give  valuable  information  on  the  single  involved  reactions. 
Thus,  the  gas  phase  thermolysis  of  l,l,3.3-tetramethy!-2-thtocarbonyl-cyc!o- 
hexane  5-oxide  (III)  has  been  rationalized  in  terms  of  two  concurrent 
primary  reactions  that  are  extrusion  of  atomic  oxygen  and  formation  of  the 
three-membered  oxathiirane  [25].  At  753  K  the  two  reactions  proceed  to  an 
almost  equal  extent  *,  whereas  increasing  the  thermolysis  temperature  results 
in  an  increase  in  the  thioketene  formation,  with  a  simultaneous  decrease  in 


the  oxathiirane  yield,  strongly  indicating  the  thioketene  formation  to  be  the 


*  It  is  not  possible  to  calculate  the  yields  of  the  single  species  directly  from  the  FI-MS 
spectra,  as  the  single  compounds  may  exhibit  rather  different  Fl-weight-sensitivlties  ( I2J. 
However,  introducing  mixtures  of  the  available  compounds  among  the  reaction  products, 
with  varying  mutual  ratios,  the  individual  relative  sensitivities  in  general  can  be  calculated 
directly  or  indirectly  [251 
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thermodynamically  favourable  pathway,  whereas  the  electrocyclic  ring 
closure  to  the  oxathiirane  is  kinetically  controlled. 

The  limiting  factors  of  the  present  method,  as  is  the  case  with  all  FVT 
studies,  are  (a)  the  contact  time  in  the  hot  zone,  and  (b)  the  lower  half  life 
limit  of  the  products  which  secure  detection;  account  of  the  latter  is  given  in 
the  previous  section.  The  very'  short  contact  time.  10'J— 10'3  sec.  is 
extremely  important  to  avoid  secondary  thermolytic  reactions  [3],  However, 
even  using  extremely  short  contact  times,  it  might  in  several  cases  be  diffi¬ 
cult  to  distinguish  between  primary  and  secondary  reaction  products;  e.g.. 
by  thermolyzmg  the  thioketene  S-oxide  ( III  i  at  1043  K,  both  this  and  the 
primary  formed  thioketene  are  able  to  form  a  vinylidene  carbene  [\l  =  1501 
by  SO  and  S  extrusions,  respectively  [25].  In  the  present  case,  with  both  the 


i  m  is: ! 

thioketene  and  the  S-oxide  as  stable  compound,  it  was  nevertheless  possible 
to  compare  directly  the  two  thermally  induced  fragmentation  patterns  (Fig. 
5i.  whereby  it  can  be  demonstrated  that  less  than  l5~o  of  the  total  amount 
of  thioketene  formed  by  thermolyzmg  the  S-oxide  could  undergo  rethermo- 
lysis  [25]. 
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Fig.  5.  FFMS  spectra  of  1.1.3.3-tetramethyi  2-thiocarbonvi-cyciohexane  S-ox:de  <  III'  (A) 
and  l,1.3.3-tetramethyi-2-thiocarbonyi-cyclohexane  \B)  following  Hash  vacuum  thermo¬ 
lysis  at  1043  K. 
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CONCLUSION  AND  OUTLOOK 

The  above  description  of  the  facile  and  effective  approach  to  FVT  studies 
has  demonstrated  that  this  method,  by  Fl-MS,  rapidly  gives  primary  informa¬ 
tion  of  even  very  complex  product  mixtures  originating  from  gas  phase  ther- 
molyses  of  organic  molecules,  as  well  as  further  structural  information,  by 
CA-MS,  of  the  individual  thermolyticaily  formed  species.  Furthermore, 
quantitative  information  on  the  product  compositions  can  be  obtained  by 
using  the  relative  Fl-weight  sensitivities  (see  footnote  on  p.  55),  and  finally  a 
mechanistic  evaluation  is  achievable  *. 

Finally  ,  the  advantage  of  this  method  as  a  rapid  technique  for  optimiza¬ 
tion  of  the  reaction  conditions  should  be  remembered,  e.g.  before  turning  to 
more  possible  further  spectroscopical  characterization  of  thermally  unstable 
thermolysates. 
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SUMMARY 


Basic  principles,  capabilities  and  limitations  of  collision  activation  mass  spectrometry 
are  reported,  with  special  reference  to  real-time  analysis  of  flash  vacuum  thermolyticaily 
generated  products.  The  analytical  utility  is  demonstrated  in  terms  of  structure  elucida¬ 
tion  and  isomerization  studies.  The  potential  feasibility  of  the  combination  pyrolysis— 
collision  activation  mass  spectrometry  in  the  study  of  otherwise  non  accessiole  reference 
structures  for  gaseous  ion  investigations  is  discussed. 


INTRODUCTION 

Flash  vacuum  thermolysis  is  used  in  the  study  of  thermally  induced 
reactions  of  isolated  gaseous  molecules  [1]  and  has  found  widespread  use  in 
the  study  of  reactive  and/or  short-lived  compounds  (2—4],  The  real-time 
analysis  of  such  reactions  is  highly  desirable.  However,  few  analytical  tech¬ 
niques  are  available  at  the  very  low  pressures  necessary  to  ensure  unimolecu- 
lar  reactions  only.  So  far  mass  spectrometry'  (MS)  [1,5—3]  and  photoelec¬ 
tron  spectroscopy  [9]  have  been  applied.  Microwave  spectroscopy  has  found 
widespread  use  in  connection  with  gas  phase  thermolytic  studies  [10];  how¬ 
ever,  owing  to  the  pressure  necessary  in  this  technique,  bimolecuiar  reactions 
cannot  be  excluded,  in  generai,  the  methods  have  limited  applicability  as  the 
spectral  assignment  may  be  complicated  because  thermolysis  may  lead  to 
mixtures  of  several,  often  unknown,  products.  The  potential  applicability  of 
collision  activation  (CA)  supplementary  to  field  ionization  ( FI  1  MS  for 
multi-component  mixture  analysis  has  been  reported  previously  [11—13], 
Recently,  the  superiority  of  the  direct  combination  of  a  flash  vacuum  ther¬ 
molysis  unit  and  a  FI  mass  spectrometer  complementary  with  CAMS  analysis 
of  the  single  field  ionized  products  has  been  demonstrated  [14],  We  report 


*  For  Part  1,  see  ref.  14, 
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here  on  the  general  capabilities  of  real-time  CAMS  analysis  applied  to  gas 
phase  pyrolysis.  The  immediate  characterization  of  pyrolyticaily  generated 
products  is  elucidated  by  (a)  the  unimolecuiar  thermolysis  of  1,2-oxathiolane 
and  (b)  by  thermal  induced  isomerizations  of  ethyl  thionoacetate  and 
190-labelled  ethyl  acetate.  The  in  situ  generation  of  reference  structures  is 
illustrated  by  the  formation  of  the  parent  N-phenylketenimine  in  connection 
with  studies  on  the  electron  impact  induced  fragmentations  of  azoles  [15]. 


BASIC  PRINCIPLES 

The  required  tandem  mass  analysis  is  typically  achieved  using  a  double- 
focusing  instrument  with  reverse  Nier-Johnson  geometry,  i.e.,  with  the 
magnetic  sector  preceding  the  electric  sector.  Fragmentation  of  primary  ions 
(m0)  in  the  second  field-free  region  produces  fragment  ions  (mj  whose  kine¬ 
tic  energy,  compared  with  that  of  the  primary  ions,  is  directly  related  to  the 
mass  ratio  (m,,'m0),  the  electrostatic  sector  acting  as  the  second  mass  ana¬ 
lyser.  Scanning  the  electric  field  produces  a  linear  mass  scan,  which  facili¬ 
tates  the  interpretation  of  the  data.  It  snould  be  noted  that  using  the  electro¬ 
static  sector  as  the  only  second  mass  analyser,  the  resolutions  of  secondary 
mass  spectra  are  in  general  low  (m/sm  ~  200).  However,  the  total  energetics 
of  the  fragmentations  are  retained  in  this  spectrum.  Improvement  of  the 
resolution  is  attainable  using  a  linked  B/E  scan  technique  and  hence  moni¬ 
toring  the  fragmentations  occurring  in  the  first  field-free  region  [16]. 

Fragmentation  of  single  ions 

Application  of  ionization  modes,  such  as  electron  impact  (El),  leads  to -the 
formation  of  ions  with  considerable  excess  energy.  Ions  possessing  half-lives 
of  ca.  10’s  s  may  decompose  in  the  second  field-free  region,  giving  rise  to  the 
metastable  daughter  ion  spectrum  [17],  These  low-energy  decompositions 
may  in  certain  instances  reveal  a  unique  analytical  utility,  e.g.,  elucidation  of 
isomenc  differences  [18],  However,  a  secondary  mass  spectrum,  which  will 
carry  much  more  structural  information,  is  obtained  by  collision  activation 
of  the  single  high-energy  (>1  keV)  ions.  The  fragmentations  are  initiated  by- 
vertical  electron  excitations  in  the  ions  [19],  the  energy  demand  being 
covered  by  conversion  of  a  small  fraction  of  the  translational  energy  by  the 
“near-miss”  collision  process  [20.21].  The  relative  abundances  of  collision- 
induced  fragments  are  independent  of  the  energy  distribution  of  the  col¬ 
liding  ions  [20—24],  Thus  a  CA  mass  spectrum  reflects  the  ion  structure. 
The  apparent  resemblance  of  CA  mass  spectra  and  die  corresponding  El 
spectra  is  due  to  comparable  internal  energies  of  the  fragmentating  ions  and 
residence  times  in  the  field-free  regions  and  the  ion  source,  respectively 
[22-24], 

Finally,  the  recent  development  of  quadrupole  systems  for  CAMS  analysis 
should  be  mentioned.  The  major  benefits  of  these  systems  lie  in  the  easy  con¬ 
trol  of  the  quadrupole  mass  filters  and  an  enhanced  CA  efficiency  [25—27]. 
However,  low-energy  ion  beams  are  employed,  resulting  in  an  entirely  differ- 


ent  collision  process  [25,26].  The  energy  transfer  probably  involves  vibra¬ 
tional  excitations  in  the  ions  [25,26].  Apparently,  the  quadrupole  CAMS 
spectra  are  strongly  dependent  on  the  actual  translational  energy  of  the  ions, 
complicating  the  interpretation  of  spectra  arising  from  unknown  compounds 
[28].  However,  the  method  is  most  promising  for  the  direct  analysis  of  mix¬ 
tures  and  hence  may  also  be  applicable  to  thermolytical  studies  [27]. 

CAPABILITIES  AND  LIMITATIONS 

The  eventual  success  of  a  reai-time  CAMS  analysis  of  gas  phase  pyrolytic 
reactions  is  based  on  fulfilment  of  three  key  requirements:  (a)  specific  ion¬ 
ization,  (b)  separation  of  the  individual  ionized  compounds  and  (c)  high 
CA  efficiency. 

Field  ionization  is  a  soft,  unimotecuiar  ionization  mode  [29],  The  very 
low  level  of  excitation  of  molecular  ions  is  an  important  feature,  as  it 
greatly  minimizes  fragmentations  of  the  latter.  Hence,  in  general,  FI  gives 
rise  to  molecular  ions  accompanied  by  only  few,  if  any,  fragment  ions 
[29,30].  However.  FI  has  a  considerably  lower  sensitivity  than  most  other 
ionization  modes;  in  particular,  smail  inorganic  molecules  show  extremely 
low  FI  sensitivities  and  will  in  general  escape  detection  [14].  The  apparent 
low  sensitivity  of  these  compounds  may  be  due  to  a  lower  electrodynamic 
supply  of  neutral  mokcules  aiong  the  emitter  surface.  Additionally,  the 
relative  high  ionization  potentials  which  these  compounds  exhibit,  and  also 
the  actual  geometry  of  the  ion  source,  may  play  an  important  role  [29].  It 
should  be  noted  that  another  soft  ionization  method,  chemical  ionization 
(Cl),  does  not  have  the  same  advantages  as  FI,  although  the  sensitivity  of 
CI-MS  is  comparable  to  that  of  EI-MS,  as  Cl  operates  at  around  1  Torr,  i.e., 
bimolecular  reactions  cannot  be  excluded  in  the  pyrolysis  unit.  Further, 
it  is  to  be  expected  that  the  bimolecular  ionization  mechanism  will  mask 
the  thermal  formation  of  reactive  species. 

The  requirements  for  the  primary  ion  separation  are  lowered  by  applica¬ 
tion  of  FI.  Interference  is  limited  to  cases  where  compounds  exhibit  identi¬ 
cal  integral  molecular  weights.  In  this  study  the  resolution  (m/Am)  of  the 
magnetic  sector,  determined  at  the  intermediate  focus  slit  (0.4  mm  *  100% 
transmission)  is  400—500  (10%  valley)  covering  the  mass  range  of  interest 
in  common  pyrolysis  experiments  ( m/z  1—500). 

The  collision  efficiency  is  an  important  parameter,  taking  the  relatively 
low  ion  currents  obtainable  by  FI  into  account.  The  yield  of  fragment  ions 
attainable  by  CA  is  typically  of  the  order  of  a  few  per  cent.  Increasing  the 
kinetic  energy  of  the  primary  ions  increases  the  abundance  of  high-energy 
fragmentations,  as  is  predictable  by  the  Massey  adiabatic  criterion  [31],  The 
application  of  3-keV  ion  beams  results  in  ca.  1  eV  as  the  most  probable  exci¬ 
tation  energy  (m/z  100)  [31,32].  Superimposed  CAMS  spectra  obtained  ~ 
from  mixtures  of,  e.g.,  two  compounds  exhibiting  equal  integral  molecular 
weights  are  complicated,  especially  in  cases  where  one  of  the  molecular  ions 
exhibits  high-energy  fragmentations  only  [e.g.,  simple  heterocumulenes  such 
as  thioketene  (m/z  58)]  whereas  the  other  fragmentates  via  low-energy 
pathways  [e.g.,  aliphatic  ketones  such  as  acetone  (m/z  58)].  Attempt;  to 
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identify  the  actual  composition  of  such  multiplets,  based  on  the  CAMS  spec¬ 
tra  only,  may  be  erroneous  as  the  CAMS  spectrum  will  be  dominated  by  the 
fragment  ions  formed  via  the  low-energy  fragmentation  paths.  To  solve  prob¬ 
lems  such  as  this,  high-resolution  FIMS  has  to  be  used. 

Bearing  this  problem  in  mind,  compounds  are  apparently  characterized 
easily  based  on  CAMS  spectra  by  comparison  with  spectra  of  authentic  sam¬ 
ples.  In  very  successful  cases  where  application  of  the  pyrolysis  method  leads 
to  hitherto  unknown  compounds,  structure  elucidation  may  be  achieved  by 
applying  the  common  mass  specrrometric  fragmentation  rules,  as  the  CA 
and  El  induced  fragmentations  are  fundamentally  related,  as  mentioned 
above. 


EXPERIMENTAL 

The  gas  phase  pvrolyses  were  carried  out  using  the  Py— FIMS  technique, 
which  has  been  described  in  detail  previously  [14).  The  method  is  based  on 
the  direct  combination  of  a  Curie-point  controlled  pyrolysis  unit  [33], 
fulfilling  the  requirements  for  a  Knudsen  reactor,  and  a  double-focusing 
Varian-MAT  CH  5D  mass  spectrometer,  equipped  with  a  combined  El— 
FI— field  desorption  (FD)  ion  source.  Samples  were  introduced  to  the 
pyrolysis  unit  either  via  a  viscous  gas  inlet  or  using  a  solid  inlet  system  [3-  ]. 
The  CAMS  spectra  were  obtained  by  appropriate  adjustment  of  the  magnetic 
field  to  ensure  passage  of  the  desired  ions  only  through  the  intermediate 
focus  slit.  Collision  activation  of  the  selected  ions  was  performed,  intro¬ 
ducing  helium  as  the  collision  gas  as  a  molecular  gas  beam  focused  on  the  ion 
beam  just  behind  the  intermediate  focus  slit.  The  spectra  were  recorded  by 
scanning  the  electrostatic  field  and  visualized  directly  on  an  X— Y  recorder. 
The  CAMS  spectra  are  uncorrected  for  contnbutions  from  ummolecular 
metastable  processes. 

Ethyl  thioloacetate  was  prepared  by  ethylation  (C;HSI)  of  thioacetic  acid; 
b.p.76omra  He  Ho— 1I6°C  (lit.  116,4^  [35]).  Ethyl  thionoacetate  [36]  and 
S-phthaiimido-3-mercaptopropan-l-ol  [37]  were  synthesized  as  described 
previously.  Ethyl  [lsO]acetate  was  prepared  similarly  to  methyl  [l50]acetate 
by  hydrolysis  (H-1S0)  of  1-ethoxyethylideneiminium  chloride  in  pyridine 
[33], 

DISCUSSION 

The  first  part  of  the  discussion  on  real-time  CAMS  analysis  will  be  devoted 
to  two  main  areas  of  pyrolysis  experiments,  viz.,  unimolecular  decomposi¬ 
tions  and  rearrangements. 

Product  identification  in  unimolecular  pyrolyses 

The  possibility  of  an  instant  characterization  of  single  compounds  in  mix¬ 
tures  arising  from  gas  phase  reactions  is  probably  the  most  striking  feature  of 
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FI— CAMS  analyses.  The  pyrolysis  of  1,2-oxathiolane  (1)  (M  90)  illustrates 
well  the  capability  of  the  method.  This  simple  cyclic  sulphenate  has  recently 
been  synthesized  by  smooth  cracking  of  S-phthalimido-3-mercaptopropan- 
x-ol  in  vacuo  and  characterized  partly  due  to  its  thermal  decomposition 
[37,39]. 


o 


The  FI  spectrum  of  1,  generated  at  ca.  373  K,  is  shown  in  Fig.  la.  The  FI 
spectrum  recorded  after  pyrolysis  of  1,2-oxathiolane,  depicted  in  Fig.  lb,  is 
dominated  by  peaks  at  m/z  56  and  58,  corresponding  to  eliminations  of  hy¬ 
drogen  sulphide  and  sulphur,  respectively,  from  1  [39], 

To  obtain  information  on  the  identities  of  these  compounds  the  CAMS 
spectra  of  the  single  field  ionized  molecules  were  recorded.  The  resulting 
spectra  are  shown  in  Fig.  2.  The  CjH.O  compound  ( m/z  56)  is  reaaiiy  iden¬ 
tified  as  acrolein  (2),  the  CAMS  spectrum  (Fig.  2a)  being  identical  with  that 
of  an  authentic  sample.  The  alternative  structure,  HC  =  C— CHiOH,  propargyl 
alcohol,  is  excluded  on  the  basis  of  the  FI  spectrum  alone,  as  it  readily  frag¬ 
ments  under  FI  conditions,  giving  rise  to  an  intense  [M— 1]'  ion,  which  is  not 
observed  (cf.  Fig.  1). 

The  identification  of  the  CjH40  compound  (m/z  53)  appears  more  com¬ 
plicated.  as  six  structures  (3—3)  a  prion  have  to  be  considered. 


m/2 

Fi*.  1.  Field  ionization  mass  spectra  of  1,2-oxathiolane  (1),  (a)  without  pyrolysis  and  (b) 
after  pyrolysis  at  1043  K. 
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Fig.  2.  Collision  activation  mass  spectra  of  the  field  ionized  (a)  C3H«G  and  (b)  C3HsO 
compounds  of  m/2  56  and  m/z  58.  respectively,  formed  by  pyrolysis  of  1 ,2-oxathiolane 
(1)  at  1043  K. 


CM  jCOCHj  CHjCHjCHO  HjC.CH-CHjOH 

3  4  5 


A  i  i 

CHj-CH-CMj  H.C  —  CHj  HjCsCH-OCH, 

6  7  8 

However,  large  differences  in  the  CAMS  spectrum  of  the  actual  isomer  and 
those  of  3,  6  and  8  leave  apparently  propanal  (4),  ailyl  alcohol  (5)  and  oxe- 
tane  (7)  only  to  be  considered  [40],  All  three  isomers  seem  to  be  plausible 
candidates,  based  on  mechanistic  considerations.  In  Fig.  3  the  significant 
mass  region  m/z  25—35  of  the  FI— CAMS  spectra  of  the  isomers  4,  5  and  7 
together  with  that  of  the  thermally  generated  C3H40  isomer  is  shown.  The 
resemblance  of  the  CAMS  spectra  of  ailyl  alcohol  (5)  and  the  unknown 
C,H,0  isomer  is  striking.  However,  the  presence  of  minor  amounts  of  4 
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Fig.  3.  Partial  collision  activation  mass  spectra  of  field  induced  molecular  ions  of  (a) 
propanal  (4),  (b)  oxetane  (7),  (c)  allyl  alcohol  (5i,  and  (d)  the  pyrolytically  formed 
CjHeO  isomer. 


and/or  7  cannot  be  excluded.  It  should  be  added  that  the  two  low-intensity 
ion  clusters  around  m/z  39  and  43  (Fig.  2b)  are  also  observed,  recording  the 
complete  CAMS  spectrum  of  ailyl  alcohol.  The  formation  of  2  by  thermol¬ 
ysis  of  1,2-oxathiolane  has  been  discussed  previously  in  terms  of  the  initial 
formation  of  3-mercaptopropanal,  consecutively  eliminating  hydrogen  sul¬ 
phide  [39,41]. 

HjC  sCH-CHO 
2IM  561 


Xs 

HjC  sCH-CHjOH 

5  (m  sa ) 


-  1  ’.6  - 
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At  present,  the  formation  of  5  is  explained  tentatively  by  removal  of  S 
from  the  cyclic  hemimercaptal  isomer  of  the  mercaptoaldenyde,  2-hydroxy- 
thietane.  Finally,  it  can  be  noted  that  a  similar  mechanism  has  been  pro¬ 
posed  recently  for  the  thermal  decomposition  of  the  corresponding  four- 
membered  sulphenate,  1,2-oxathietane  [42]. 

Rearrangemen  t/ isomerization  reactions 

The  analyses  of  isomeric  compounds  present  a  common  problem  in  py¬ 
rolysis  experiments.  Frequently  appropriate  crossover  experiments  have  to 
be  performed  in  order  to  ensure  that  apparent  isomerizations  do  not  arise 
from  consecutive  bimolecular  reactions  between  initially  formed  products. 
Carrying  out  the  reactions  under  pure  unimolecular  conditions  the  real-time 
CAMS  analysis  technique  may  be  applied  advantageously  to  rearrangement/ 
isomerization  reactions.  In  studies  of  isomerizations,  both  the  starting  mate¬ 
rial  and  the  isomerized  product  of  necessity  exhibit  the  highest  molecular 


Fig.  4.  Collision  activation  mass  spectra  of  electron  impact  (70  eV)  induced  molecular 
ions  (m/z  104)  of  ethyl  thionoacetate  (9),  (a)  without  pyrolysis  and  (b)  after  pyrolysis  at 
1253  K,  and  (c)  of  ethyl  thioloacetate  without  pyrolysis. 
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weights  in  the  reaction  mixture.  Hence,  the  CAMS  analysis  can  advanta¬ 
geously  be  carried  out  using  El  ionization,  leading  to  a  higher  sensitivity  of 
the  method. 

The  thiono— thioloacetate  rearrangement  has  previously  been  reported 
by  Oele  et  al.  [43]  and  Bigley  and  Gabbott  [44].  It  was  demonstrated  that 
thiono  esters  rearrange  to  the  thermodynamically  more  stable  thiolo  isomers, 
the  reaction  following  first-order  kinetics.  However,  on  pvrolysing  thiono 
esters  that  possess  a  3-hydrogen  atom  in  the  ester  chain,  the  alkene  elimina¬ 
tion  remains  the  predominant  reaction  [43,44],  In  Fig.  4a  and  c  the  CAMS 
spectra  of  unthermolysed  ethyl  thionoacetate  (9)  and  ethyl  thioloacetate 
(10),  respectively,  are  shown.  Additionally,  in  Fig.  4b  the  CAMS  spectrum 
recorded  following  the  pyrolysis  of  ethyl  thionoacetate  at  1253  K  is 
depicted.  It  is  obvious  that  the  mono-thioester  apparently  surviving  the  ele¬ 
vated  temperature  is  a  mixture  of  9  and  10  (racio  9/10  =  1.5;  cf.  ref.  38). 


9  (  M  104  l 


o 

10  (M  1041 


CH.COSH  *  C,H 


The  reverse  reaction,  i.e.,  a  thiolo— thiono  rearrangement,  is  not  observed 
on  pyrolysing  compound  10.  It  should  be  emphasized  that  the  direct  assay 
of  the  thiolo  ester  in  the  thermolysate  is  by  no  means  straightforward,  as 
pyrolysis  of  9  at  this  temperature  simultaneously  leads  to  the  formation  of 
keten  and  ethanethiol  [45],  which  may  easily  react  to  give  the  thiolo  isomer. 

In  the  thionoacetates  the  activation  parameters  for  isomerization  and  elim¬ 
ination  appear  to  be  comparable  [43,44].  The  enhanced  polarizability  and 
nucleophilicity  of  the  C=S  bond  relative  to  that  of  the  C=0  bond  is  assumed 
to  play  an  important  role  in  the  isomerization  reaction.  However,  with  car¬ 
boxylic  acid  esters  the  ^-elimination  is  expected  to  be  energetically  much 
more  favoured  than  the  oxygen  to  oxygen  alkyl  group  migration.  Recently 
we  have  demonstrated  by  CAMS  analysis  the  thermally  induced  intramolecu¬ 
lar  oxygen  to  oxygen  methyl  group  migration  in  ‘*0-labelled  methyl  acetate 
[38],  Methyl  acetate  was  found  to  be  thermally  stable  and  the  only  concur¬ 
rent  reaction  observed,  a  1, 2-elimination  of  methanol,  proceeds  to  a  very 
minor  extent  only.  On  this  basis,  it  is  of  interest  to  know  if  oxygen  to  oxy¬ 
gen  transfer  of  the  ethyl  group  is  detectable  in  the  thermolysis  of  lsO- 
labelled  ethyl  acetate  (11).  Previously  Smith  et  al.  observed  very  minor  oxy¬ 
gen  isomerization  in  "Cl-labelled  ethyl  acetate,  but  the  phenomenon  was  not 
discussed  [46]. 

The  CAMS  spectrum  of  electron  impact  ionized  ethyl  acetate  is  shown  in 
Fig.  5.  The  dominating  fragment  ( m/z  70)  is  a  result  of  loss  of  H-0  from  the 
molecular  ion,  a  process  demonstrated  to  involve  mainly  the  carbonyl  oxy- 
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CH,sCi'0  +  CHj  OH 


'*0-CH, 


CHjCOO  H  +  C,H, 


g»n  [47,43].  Fig.  6a  shows  the  corresponding  CAMS  spectrum  of  ,SC- 
iabeiied  ethyl  acetate  (11).  It  is  emphasized  that  the  CAMS  spectrum  of  11 
reveals  an  apparent  isomenzacion  of  the  ionized  molecule.  It  is  noted  that 
FI,  which  minimizes  the  risk  of  isomerization,  leads  to  a  comparable  ion 
intensity  ratio  (m/z  70  :  72)  (Table  1)  in  the  FI— CAMS  spectrum.  Pyrolysis 
of  11  (Fig.  6b,  affords  a  significant  change  in  the  m/z  70  :  72  ion  intensity 
ratio  (cf.  Table  1)  towards  that  expected  for  CH]C(0)'8OCH:CHj.  Simul¬ 
taneously,  the  m/z  45  cluster  changes  in  accordance  with  that  predictable 
using  the  m/z  70  :  72  ion  intensity  ratio  and  the  CHjCO'  :  CH,CH:0'  ratio 
(cf.  Fig.  5),  a  thermally  induced  isomerization  of  ethyl  acetate  being  unam¬ 
biguously  demonstrated.  Hence,  we  tentatively  propose  an  isomerization 
mechanism  similar  to  that  of  methyl  acetate,  i.e.,  vibrational  excitation  of 
the  OCO  and  COC  in-plane  bending  modes  of  the  ester  group  [38]. 


Fig.  5.  Collision  activation  mass  spectrum  of  the  electron  impact  (70  eV)  induced  molecu¬ 
lar  ion  (m/z  88)  of  ethyl  acetate. 
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Fig.  S.  Collision  activation  mass  spectra  of  electron  impact  (70  eV )  induced  molecular 
ions  (m/a  90)  of  ethyl  [l®0  {acetate  (11),  (a)  without  pvrolysis  and  (b)  after  pyrolysis  at 
1253  K. 


TABLE  1 

Intensity  ratio  of  m/z  70  and  72  ions  generated  by  collision  activation  of  field  ionization 
and  electron  impact  induced  molecular  ions  of  ethyl  [  l30  lacerate  ,111 


/7-//-0 

FI— CAMS 

0.27 

El— CAMS 

0.27 

El— CAMS  after  thermolysis  at  1253  rC 

0,-i2 

'*0 

_ > 

“O-CH.CH 

ch,-c; 

4  CH  -C  CH.CH. 

*  CHt- c' 

O-CHjCM, 

'  No 

"o 

Generation  of  reference  structures 

The  following  discussion  deals  with  the  potential  applicability  of  the 
pyrolysis  method  for  in  situ  generation  of  otherwise  inaccessible  reference 
structures  in  connection  with  the  study  of  gaseous  ions.  Knowledge  on  gas¬ 
eous  ion  chemistry  has  increased  rapidly  during  recent  years  owing  to  the 
development  of  powerful  techniques  for  these  specialized  studies  [17,49]. 
In  most  experiments  (CA  spectra,  kinetic  energy  release.  AH',,  etc.)  the 
unknown  ion  structure  is  elucidated  by  comparison  with  reference  ions  [49]. 
Ion  structures  of  odd-electron  fragments  are  typically  derived  using  molecu¬ 
lar  ions  of  authentic  compounds  assuming  retention  of  the  original  geometry 
in  the  ionized  state.  However,  when  the  required  compounds  may  be  too 
labile  to  be  handled  by  ordinary  mass  spectroraetric  techniques,  the  pyrol¬ 
ysis  method  affords  a  unique  opportunity  for  the  in  situ  generation  of  such 
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compounds.  When  the  molecule  contains  heteroatoms,  facilitating  an  esti¬ 
mate  of  possible  charge  localization  in  the  ion,  the  pyrolysis  generation 
may  be  especially  advantageous.  The  possible  formation  of  N-phenylketeni- 
mine  (12)  on  pyrolysis  of  acetanilide  (13)  is  chosen  to  illustrate  this. 


NHCOCH, 


H  =  C=C  H, 


1  3  i  M  13S  1 


12  !M  117  1 


Substituted  N-phenylketenimines  are  generally  prepared  by  direct  dehy¬ 
dration  of  the  appropriate  N-phenylamides  [50],  However,  the  parent 
N-phenylketenimine  (12)  has  only  been  prepared  at  low  temperatures  and 
polymerizes  rapidly  at  room  temperature  [51].  In  Fig.  7  the  FIMS  spectrum 
obtained  after  pyrolysis  of  13  at  1043  K  is  depicted.  Fig.  8  shows  the 
El— CAMS  spectrum  of  the  molecular  ion  of  N-phenylketenimine  (m/z  117). 
The  application  of  El  is  acceptable  as  acetanilide  (13)  eliminates  H:0  under 
electron  impact  ionization  to  a  very  minor  extent  only  [15,52).  Thus,  the 


Fig.  7.  Field  ionization  mass  spectrum  alter  pyrolysis  of  acetanilide  ( 13)  at  1043  K. 


Fig.  8.  Collision  activation  mass  spectrum  of  the  electron  impact  (70  eV)  induced  molecu¬ 
lar  ion  ot  N-phenylketenimine  112)  (m/z  117). 
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El— CAMS  spectrum  (Fig.  8)  represents  a  reference  spectrum  of  N’-phenyl- 
ketenimine  (12).  The  actual  ion  structure  is  of  interest  in  connection  with 
studies  of  m/z  117  ions  commonly  found  in  the  El  spectra  of  phenylpyra- 
zoles  [53],  phenylimidazoles  [15]  and  phenyltriazoles  [15],  The  CAMS 
spectrum  of  12  is  found  to  resemble  closely  that  of  the  m/z  117  ion  arising 
from  electron  impact  induced  fragmentation  of  N'-phenyl-l,2,3-triazole  [15], 
which  is  strongly  indicative  of  identical  ion  structures. 


m/z  US  m/z  117 


CONCLUSION 

Real-time  CAMS  analysis  has  been  found  to  be  a  useful  method  for  study¬ 
ing  primarily  formed  products  in  the  gas  phase  pyrolysis  of  organic  mole¬ 
cules.  when  ionized  by  Reid  ionization,  and  for  the  study  of  thermally 
induced  isomerizations  using  electron  impact  ionization.  The  applicability 
of  in  situ  pyrolysis  generation  of  labile  compounds  for  gaseous  ion  studies 
has  been  demonstrated. 
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SUMMARY 

The  application  of  filaments  exhibiting  an  inert  surface,  e.g..  gold,  for  Curie-point 
pyrolysis  is  shown  to  minimize  the  degree  of  possible  reactions  induced  by  the  presence  of  hot 
metal  surface;  such  as  nickel  and  iron.  The  manufacture  of  gold-plated  filaments  is  described 
and  their  utility  in  the  study  of  pyrolytic  reactions  is  illustrated. 


IN  PRODUCTION 

Since  its  introduction  in  the  early  1960s  [1-3],  the  induction  heating 
technique,  known  as  the  Curie-point  principle,  has  been  demonstrated  to  be 
one  of  the  most  versatile  means  of  studying  pyrolytic  decompositions  of 
solids  and  non-volatile  materials  [4],  More  recently  the  applicability  of  the 
technique  to  gas-phase  pyrolytic  studies  has  been  reported  [5—7]. 

The  Curie-point  pyrolysis  technique,  as  generally  applied,  suffers,  how¬ 
ever,  from  several  disadvantages:  (a)  the  limited  number  of  temperatures 
available,  (b)  the  difference  in  composition  of  the  single  filaments  available 
and  (c)  the  possibility  of  reactions  induced  by  collision  between  molecules 
and  hot,  reactive  metal  surfaces,  e.g.,  nickel  or  iron.  The  former  of  these 
problems  will  be  dealt  with  in  a  future  paper  [8],  whereas  this  paper  discusses 
the  possible  remedy  of  the  latter  two  disadvantages. 

We  report  here  on  the  applicability  of  gold-plated  filaments  exhibiting 
identical,  i.e.,  temperature-independent,  and  non-reactive  surfaces  for 
Curie-point  pyrolysis  studies. 


*  For  Part  2,  see  ref.  6. 
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experimental 

AH  pyrolyses  were  carried  out  by  application  of  the  flash  vacuum  thermol- 
ysis/field  ionization  mass  spectrometry  (FVT/FIMS)  technique,  which  has 
been  described  in  detail  previously  [5,6]. 

Manufacture  of  gold-plated  filaments 

The  gold-plated  Curie-point  filaments  were  manufactured  by  electroplat¬ 
ing.  Ten  to  fifteen  Curie-point  filaments  (wires)  were  mounted  by  soldering 
on  a  ca.  15  cm  hook-up  wire.  The  filaments  were  carefully  burnished  with 
fine-grade  (400-600  grit)  abrasive  paper,  followed  by  washing  with  acetone. 
Immediately  before  the  electrolysis  the  filaments  were  placed  for  5  min  (at 
20°C)  in  1  M  nitric  acid.  After  thorough  washing  with  distilled  water  the 
assembled  filaments  were  gold  plated  by  electrolysis,  the  filaments  being  the 
anode  and  pure  metallic  gold  the  cathode.  The  electrolysis  bath  contained 
8  g  of  KCN,  4  g  of  NajPOj,  4  g  of  NaOH  and  2  g  of  AuClj  per  litre.  The 
electrolyses  were  carried  out  at  60°C  with  efficient  stirring,  the  current  being 
5-10  mA. 

Following  the  electroplating  the  assembled  filaments  were  thoroughly 
cleaned  wich  distilled  water,  separated  and  the  single  filaments  polished  with 
fine-grade  abrasive  paper  as  above. 

The  average  thickness  of  the  gold  layer  was  estimated  by  weighing  to  be 
10-15  pm. 


RESULTS  AND  DISCUSSION 


The  greatest  advantage  of  the  application  of  filaments  exhibiting  identical 
surfaces  in  connection  with  pyrolysis  studies  is  obvious,  as  temperature 
effects  can  be  investigated  without  interference  from  possible  concurrent 
catalytic  reactions  induced  by  the  hot  metal  surfaces.  Owing  to  its  chemical 
inertness,  gold  appears  preferable  as  the  surface  coating.  However,  before 
turning  to  the  actual  experimental  verification,  it  is  necessary  to  evaluate  the 
extent  to  which  a  10-15  fim  gold  coating  may  possibly  change  the  thermal 
characteristics  of  the  single  filaments.  The  penetration  depth,  x,  of  the  eddy 
currents  in  a  conducting  wire  is  given  by  the  equation  [9] 

x  =  5.03  •  10J(p,/p,  -/)I/J  cm  (1) 

where  p,  is  the  resistivity  (S2-cm)  at  temperature  t  (°C),  pr  is  the  relative 
magnetic  permeability  and  /is  the  frequency  (Hz)  at  which  the  induction  coil 
is  operated  (for  the  actual  device  equal  to  5.5  ■  10s  Hz).  A  relative  magnetic 
permeability  of  1.0  can  be  used  for  non-ferromagnetic  materials  such  as 
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Fig.  1.  Field  ionization  mass  spectra  after  pyrolysis  of  dimethyl  sulphoxide-d6  at  1043  K  using 
(a)  an  iron  filament  and  (b)  a  gold-plated  iron  filament. 


gold  The  temperature  variation  of  p,  for  gold  is  given  by  the  equation  [10] 

p,  =  2.19(1  +  3.65  •  10~3  •  f )  •  10'4Q-cm  (2) 

Eqn.  2  is  valid  in  the  temperature  range  -80  to  1000°C  [10].  Based  on  these 
data  the  penetration  depth  of  the  eddy  current  in  gold  (/=  550  kHz)  is 
estimated  to  vary  from  ca.  150  to  ca.  225  pm  in  the  temperature  range 
630-1275  K,  which  far  exceeds  the  actual  thickness  of  the  gold  coating,  i.e., 
the  surface  gold  coating  will  not  change  the  thermal  characteristics  of  the 
filaments. 

A  senes  of  gas-phase  pyrolytic  reactions  recently  studied  by  the 
FVT/FIMS  technique  is  assumed  to  be  influenced  substantially  by  surface 
catalysis,  e.g.,  the  apparent  extrusion  of  atomic  oxygen  from  compounds 
containing  a  sulphoxide  moiety  such  as  dimethyl  sulphoxide  (DMSO)  [11], 
thiiran  1 -oxide  [7],  thietane  1 -oxide  [11],  1,2-oxathiolane  1 -oxide  [11]  and 
thioketene  S-oxides  [12].  The  rupture  of  the  semipolar  S-0  bond  requires 
around  90  keal/mol  [13],  which  exceeds  the  energy  actually  available  by 
20-30  kcal/mol.  However,  an  interaction  between  the  oxygen  atom  and  a 
hot  metal  surface  may  lower  the  value  significantly. 

Fig.  la  shows  the  product  composition  following  pyrolysis  of  dimethyl 
sulphoxide-ds  (M  84)  on  a  non-coated  wire  [Fe(  1043)].  The  reaction  pattern 
is  strongly  dominated  by  the  apparent  extrusion  of  atomic  oxygen  leading  to 
dimethyl  sulphide-d6  (M  68);  minor  amounts  of  formaldehyde-d2  (M  32) 
and  methanethiol-d.  (M  52)  are  produced.  The  reaction  mechanism  has  been 
discussed  in  detail  previously  [11].  The  corresponding  pyrolysis  experiment 
carried  out  by  application  of  a  gold-plated  filament  [Au(I043)J  resulted  in 
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the  product  composition  depicted  in  Fig.  lb.  The  pronounced  decrease  in  the 
yield  of  dimethyl  sulphide-ds  is  conspicuous;  however,  the  apparent  en¬ 
hanced  thermal  stability  of  the  sulphoxide  under  the  latter  conditions  should 
be  noted.  Another  interesting  feature  of  DMSO  pyrolysis  under  non¬ 
surface-catalytic  conditions  (Fig.  lb)  is  the  formation  of  sulphine-d6  (thio- 
formaldehyde  S-oxide),  (M  64),  a  reaction  which  is  totally  suppressed  when 
the  pyrolysis  is  carried  out  using  the  iron  filament.  Block  et  al.  [14]  reported 
the  pyrolytic  formation  of  sulphine  (2)  from  DMSO  (1),  the  reaction  being 
formulated  to  involve  several  consecutive  steps;  however,  the  present  study 
clearly  reveals  a  unimolecular  pathway  for  sulphine  formation  from  DMSO. 
tentatively  formulated  as  a  loss  of  methane.  In  this  connection,  it  can  be 
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noted  that  the  pyrolysis  of  thietane  1 -oxide  on  a  gold-plated  filament 
afforded  sulphine  and  ethylene  as  the  major  products,  in  agreement  with  the 
report  of  Block  et  al.  [14). 

Not  only  semi-polar  sulphur-oxvgen  bonds  appear  to  be  labile  under 
surface-catalytic  conditions.  A  similar  picture  is  developed  with  nitrogen- 
oxygen  bonds,  in  the  present  context  illustrated  by  the  pyrolysis  of  nitro¬ 
benzene  (3)  (Fig.  2).  In  both  cases  depicted  in  Fig.  2.  i.e.,  pyrolysis  on  iron 
and  gold  at  1043  K,  two  reactions  apparently  dominate  the  picture.  These 
are  the  loss  of  atomic  oxygen  and  nitrogen  oxide,  leading  to  formation  of 
species  with  molecular  weights  of  107  and  93,  assigned  to  nitrosobenzene  (4) 
and  phenoxy  radicals  (5),  respectively,  the  latter  probably  being  the  result  of 
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Fig.  2.  Field  ionization  mass  specira  after  pyrolysis  of  nitrobenzene  at  1043  K.  using  (a)  a 
gold-plated  iron  filament  and  (b)  an  iron  filament. 


a  primary  rearrangement  of  the  nitrobenzene  molecule  into  phenyl  nitrite 
followed  by  NO  elimination.  This  is  an  experimental  verification  of  the 
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previously  postulated  intermediacy  of  phenoxy  radicals  in  the  pyrolysis  of 
nitrobenzene  [15.16].  In  addition  to  phenoxy  radicals  the  presence  of  phenyl 
radicals  was  expected  (15,16);  however,  only  benzene,  in  minor  amounts,  was 
observed  (Fig.  2),  being  formed  by  hydrogen  abstraction,  a  reaction  proba¬ 
bly  involving  water  bound  to  the  surface  of  the  inlet  system.  Surprisingly,  no 
phenol,  which  would  be  the  result  of  an  analogous  reaction  of  phenoxy 
radicals,  was  observed.  The  apparent  discrepancy  is  explained  by  the  differ¬ 
ent  reactivities  of  the  two  radicals. 

The  most  striking  feature  on  changing  from  iron  to  a  gold-plated  filament 
is  the  variation  in  the  phenoxy  radical/nitrosobenzene  ratio  (m/z  93/107), 
changing  significantly  in  favour  of  tne  former,  which  strongly  suggests  that 
the  loss  of  atomic  oxygen  is  facili'ated  by  the  presence  of  reactive  surfaces 
(Fig.  2). 

Apart  from  the  above  elimination  of  oxygen  atoms,  the  presence  of  hot. 
reactive  metal  surfaces  may  be  expected  to  influence  the  course  of  reaction 
severely,  e.g.,  in  pyrolvses  of  organosulphur  compounds,  which  is  illustrated 
below  by  examples  from  current  thioketene  research. 

The  pyrolytic  sulphur  extrusion  from  the  thioketene  1,1.3,3-tetramethyl- 
2-thiocarbonylcvclohexane  (Fig.  3a)  observed  previously  [12]  is  unambigu- 


m/z 

Fig.  3.  Field  ionization  mass  spectra  after  pyrolysis  of  1. 1,3.3* tetramethyi-2-thiocarbonylcy- 
clohexane  at  1043  K  using  (a)  an  iron  filament  and  (b)  a  gold-plated  iron  filament. 
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ously  associated  with  the  hot  iron  surface,  as  demonstrated  by  comparison 
with  an  experiment  using  a  gold-plated  filament  [Au(1043)],  under  which 
conditions  the  thioketene  is  perfectly  stable  (Fig.  3b),  in  agreement  with  a 
C=S  bond  strength  of  about  125  kcal/mol  [13].  Hence,  by  application  of 
gold-coated  filaments  thioketenes  apparently  can  be  handled  without  decom¬ 
position. 

Thioketenes  can  be  generated  by  gas-phase  pyrolysis  of  1.2.3-thiadiazoles 
[18-20],  Very  recently,  a  quantitative  analysis  by  photoelectron  spectroscopy 
(PES)  of  the  gas-phase  pyrolysis  of  the  parent  1,2,3-thiadiazole  (6)  has  been 
presented  [21].  It  was  concluded  that  the  reaction  takes  place  via  a  1,3-bi¬ 
radical  (7)  rearranging  to  thioketene  (8),  the  latter  being  the  sole  product.  It 
should  be  particularly  noted  that  no  acetylene  was  detected. 
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Gas-phase  pyrolysis  of  (6)  at  1043  K  using  an  iron  filament  caused 
extensive  degradation,  but  only  very  small  amounts  of  thioketene  (8)  were 
observed,  the  major  product  being  acetylene.  Pyrolysis  of  the  thiadiazole 
using  gold-plated  filaments  [Au(1043)[  gave  rise  to  the  product  composition 
shown  in  Fig.  4.  Clearly  thioketene  (8)  (M  58)  is  the  major  product,  although 
minor  amounts  of  acetylene  (M  26)  are  seen.  As  the  above  experiment 
demonstrates  our  ability  to  handle  thioketenes  without  decomposition,  i.e.. 
sulphur  extrusion,  we  conclude  that  the  apparent  elimination  of  sulphur 
takes  place  unimolecularly  from  an  intermediate  species,  probably  the  bi- 
radical  (7). 


Fig.  4.  Field  ionization  mass  spectrum  after  pyrolysis  of  1,2,3-thiadiazole  at  1043  K  (a)  using 
a  gold-plated  filament  and  (b)  without  pyrolysis. 
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In  order  to  explain  the  appearance  of  acetylene  following  pyrolysis  using 
the  technique  described  here  [5,6],  in  contrast  to  the  lack  of  the  latter  in  the 
pyrolysis- PES  experiments  [21],  it  should  be  remembered  that  pvrolytically 
generated  species  are  formed  in  vibrationaily  excited  states.  A  relaxation  of 
the  excited  species,  in  the  present  case  the  biradical  (7),  may  be  achieved  by 
intermolecular  collisions,  molecule-wall  collisions  or  intramolecularly,  e.g„ 
by  fragmentation.  As  the  pressure  in  the  PES  study  [21]  is  ca.  10:  times 
higher  than  that  in  the  present  study,  it  seems  clear  that  a  rapid  intermolecu¬ 
lar  collisional  quenching  is  achieved,  apparently  leading  exclusively  to  (81, 
whereas  in  the  latter  case  the  excited  biradical  is  “left  alone"  for  approxi¬ 
mately  1-5  /is,  in  which  period  of  time  a  unimolecular  relaxation  by  sulphur 
extrusion  may  take  place,  a  mechanism  which  is  tentatively  suggested  as 
being  responsible  for  the  acetylene  formation  observed  in  this  study. 

To  summarize,  we  have  demonstrated  the  applicability  of  gold-plated 
filaments  for  gas-phase  Curie-point  pyrolysis  for  studies  of  pure  pyrolytic 
effects,  eliminating  possible  catalytic  effects  induced  by  the  presence  of  hot. 
reactive  metal  surfaces  such  as  iron. 
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In  a  recent  study  we  reported  the  applicability  of  gold-plated  filaments  for 
gas-phase  Cunc-point  pyrolysis  [1],  a  technique  which  allows  us  to  eliminate 
effects  originating  from  the  obvious  differences  in  the  surfaces  for  the  single 
types  of  filaments  for  Curie-point  pyrolysis  (typically  nickel,  iron  and 
cobalt),  i.e..  by  applying  gold-plated  filaments  we  are  able  to  study  pure 
thermal  effects. 

However,  selective  surface  coating  of  the  filaments  may.  on  the  other 
hand,  advantageously  be  used  as  an  effective  tool  in  studies  of  possible 
surface  participation  in  gas-phase  pyrolytic  reactions,  i.e.,  in  the  study  of 
heterogeneous  catalysis  in  gas-phase  reactions.  In  this  connection  it  is 
emphasized  that  gas-phase  Curie-point  analysis  seems  to  be  superior,  as  it 
can  be  demonstrated  [2]  that  the  reactions  observed  are  the  results  of  single 
collisions  between  the  molecules  and  the  hot  metal  surface,  i.e.,  primary 
information  is  obtained,  the  picture  not  being  eclipsed  by  the  presence  of 
possible  secondary  reactions. 

In  this  paper,  the  utility  of  gas-phase  Curie-point  pyrolysis  in  studies  on 
heterogeneous  catalysis  is  illustrated  by  the  gas-phase  pyrolysis  of  methyl 
dithioacetate,  as  a  part  of  our  continuing  interest  in  the  pyrolytic  behaviour 
of  carboxylic  acid  derivatives  [3—5].  The  study  was  carried  out  by  application 
of  the  flash  vacuum  pyrolysis/ field  ionization  mass  spectrometry  (FVP/ 
FIMS)  technique,  which  has  been  described  in  detail  previously  [6,7], 

In  contrast  to  the  thermal  decompositions  of  methyl  monothioacetates, 
which  lead  cleanly  to  ketene  and  melhanethiol  [5],  a  study  of  the  dithio 
analogue,  methyl  dithioacetate  (I),  revealed  at  first  sight  a  confusing  picture. 


*  For  Part  3.  see  ref.  I. 
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Even  at  a  temperature  as  low  as  631  K  (nickel  surface)  we  found  that  1  was 
degraded  extensively  (Fig.  la).  However,  the  products  observed.  C3H6S 
(m/z  74),  dimethyl  sulphide  (C,H6S)  (m/z  64),  C4H6  (m/z  54)  and 
methanethiol  (m/z  48),  are  generally  not  to  be  associated  with  acetic  acid 
ester  thermolysis  [3-5].  The  first  two  of  these  products  are  apparently  results 
of  atomic  sulphur  and  carbon  monosulphide  eliminations,  respectively.  The 
presence  of  the  non-sulphur-containing  compound  (C4H6)  seems  surprising, 
as  only  three  carbon  atoms  are  available  in  f.  i.e..  only  an  interaction 
between  the  ester  (I)  and  the  hot  nickel  filament  surface  can  account  for  the 
presence  of  C4H6  among  the  thermolysis  products.  Hence,  it  seems  reasona¬ 
ble  to  assume  that  the  thermal  degradation  of  1  is  significantly  influenced  by 
reactions  promoted  by  the  presence  of  the  hot.  reactive  nickel  surface. 

Experimental  verification  of  the  nickel  surface  involvement  was  obtained 
by  thermolvsing  compound  I  at  631  K.  but  by  application  of  a  gold-plated 
filament  [1],  It  was  observed  (Fig.  lb)  that  under  these  conditions  methyl 
dithioacetate.  as  expected,  was  perfectly  stable.  At  higher  temperatures 
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Fig.  1.  Field  ionization  mass  spectra  of  methyl  dithioacetate  following  gas-phase  thermolyses 
at  631  K  (nickel),  631  K  (gold)  and  1253  K.  (gold). 
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(1253  K),  however,  still  applying  gold-plated  filaments,  we  found  that  the 
ester  (I)  decomposed  smoothly  into  the  expected  products,  i.e.,  thioketene 
(m/z  58)  and  methanethioi  ( m/z  48)  (Fig.  lc).  Without  gold-plating  qualita¬ 
tively  the  same  picture  as  shown  in  Fig.  la  was  seen. 
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A  deeper  mechanistic  insight  into  the  surface-promoted  reactions  of 
methyl  dithioacetate  (I),  wich  is  outside  the  scope  of  this  paper,  requires 
isotopic  labelling  experiments  in  order  to  identify  the  sulphur  atoms  actually 
lost  in  the  reactions  leading  to  C3H6S  and  C2H6S.  respectively.  Parallel 
studies  on  the  gas-phase  pyrolysis  of  J4S-labelIed  I  are  in  progress. 

This  study  has  revealed  the  potential  of  the  gas-phase  Curie-point  pyroly¬ 
sis  technique  for  investigations  of  heterogeneous  catalysis,  e.g..  reactions 
involving  hot  nickel  surfaces.  The  rapidity  and  facility  with  which  these 
investigations  can  be  carried  out  should  be  especially  enphasized.  The 
technique  appears  to  be  a  highly  informative  method  giving  valuable  infor¬ 
mation  on  primary  reactions  before  one  needs  io  turn  to  more  costly  and 
time-consuming  preparative  studies,  e.g..  in  attempts  to  optimize  certain 
desirable  processes. 
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SUMMARY 

With  emphasis  on  a  constant  reactant  flow,  a  series  of  inlet  systems  for  gas-phase 
Cur.e-pomt  pyrolysis- mass  spectrometry  experiments  have  been  studied.  Inlet  systems  for  the 
handling  of  gaseous,  liquid  and  oligomeric  (solid)  samples  have  been  designed  and  their 
performances  evaluated.  The  principle  of  pulse-pyrolysis  is  introduced  and  us  applicability  to 
kinetic  studies  outlined. 


INTRODUCTION 

Recently  the  applicability  of  the  direct  combination  of  a  Curie-point 
controlled  pyrolysis  unit  and  a  mass  spectrometer/mass  spectrometer  system 
to  gas-phase  studies  has  been  reported  [1].  The  use  of  field  ionization  in 
combination  with  collision  activation  mass  spectrometry  has  been  found  to 
be  a  particularly  superior  method  for  real-time  analysis  of  gas-phase  reac¬ 
tions  carried  out  under  flash  vacuum  conditions  [2].  In  the  original  approach 
the  compound  under  investigation  was  introduced  by  means  of  micro-sy¬ 
ringes  via  a  heatable  injection  block  svstem.  However,  it  appears  that  this 
method  reduces  the  number  of  compounds  that  can  be  studied  to  those 
which  exhibit  an  appropriate  vapour  pressure,  i.e.  that  evaporate  within  few 
seconds  on  injection.  Thus,  a  continuous  reactant  flow  into  the  reactor 
would  greatly  facilitate  the  mass  specirometric  analysis,  as  a  constant  flow  of 
pvrolvsis  products  would  consequently  be  achievable. 


*  For  Part  4.  see  L.  ^arisen  and  H.  Egsgaard.  J.  Anal.  Appl.  P>ro!..  5  (19S3)  257. 
0165-2370/84/503  00  C  1984  Elsevier  Science  Publishers  B.V. 
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As  a  result  of  our  continuing  interest  in  flash  vacuum  pyrolytic  studies,  we 
report  here  on  inlet  systems  that  have  been  designed  with  the  purpose  of 
delivering  a  continuous  flow  of  reactant  in  timescales  from  minutes  to  hours. 
In  addition,  the  possibility  of  changing  the  Curie-point  filaments  without 
disconnecting  the  pyrolysis  unit  from  the  mass  spectrometric  system  is 
emphasized.  The  performance  is  illustrated  with  examples  from  current 
research  areas  such  as  the  gas-phase  pyrolysis  of  di-/er/. -butyl  peroxide  and 
nitrobenzene  and  the  generation  of  1.2-oxalhiolane  and  1.2-dithiolane  from 
solid  precursors.  Finally,  as  a  consequence  of  the  presence  of  a  continuous 
flow  through  the  pyroiysis  reactor,  we  introduce  the  principle  ol  pulse-pyrol¬ 
ysis.  a  technique  by  which  gas-phase  Curie-point  pyrolysis  can  be  advanta¬ 
geously  applied  to  kinetic  studies. 


EXPERIMENTAL 

Low-pressure  pyro  lyses  were  carried  oul  using  the  pyrolysis-mass  spec¬ 
trometry  technique  preciously  described  in  detail  [1.2). 

The  pyrolysis  unit  consists  of  three  main  parts:  ( 1 )  inlet  system.  (2)  reactor 
(Pve-L'nicam  PVaoOO)  and  (3)  pyrolysis  unit-mass  spectrometer  interface 
[1],  The  mass  spectrometric  real-time  analyses  were  performed  on  a  Vjrian- 
MAT  CH  5D  instrument  (2). 

S-Phihalimido-3-mercaptopropan-l-ol  [3]  and  the  1.2-dithiolane  oligomer 
,’•1)  were  syntnesizeu  as  reported  previously  i although  ref.  4  states  that  the 
dimer  of  1.2-dithioiane  is  formed,  the  synthesis  afforded  the  oligomeric 
material). 

Sitnipk  handling 

The  problem  of  sample  introduction  is  sub-divided  according  to  whether 
the  sample  is  (a)  gaseous  or  easily  evaporable.  (b)  a  liquid  exhibiting  a 
moderate  to  low  vapour  pressure  at  ambient  temperature  or  (c)  a  solid,  e.g.. 
oligomeric  species,  whereby  the  monomeric  substance  can  be  generated  by 
gentle  heating. 

Case  (a)  is  solved  by  adoption  of  the  technique  commonly  used  in  mass 
spectrometric  gas  analysis.  The  inlet  system  consists  of  a  glass  reservoir  (ca. 
100  mL)  connected  to  the  reactor  via  a  glass  capillary  constrictor  (Fig.  1A). 
Owing  to  the  relatively  high  vapour  pressure  in  the  reservoir  (10-100  Torrl 
the  flow  into  the  reactor  becomes  viscous  *.  The  glass  leaks  were  made  by 

In  a  v^cous  flow  the  amount  of  material  transferred  depends  on  the  square  of  the  pressure 
difference  and  also  on  the  vtscostts  coefficient.  Hence,  when  the  reactant  is  a  mixture  of  two 
or  more  components,  the  How-rat*,  at  the  single  components  is  a  function  of  the  actual  overail 
composition  in  the  reservoir.  This  is  in  contrast  to  the  molecular  How  situation,  where  the 
flow-rale  of  a  single  component  depends  oniy  on  the  pressure  difference  and  ts  viriuallv 
independent  of  the  possible  accompanying  components 


Fig.  t.  Inlet  systems  for  low-pressure  Cune-pouni  pyrolysis:  (A)  continuous  gas  inlet  system 
assembled  with  the  PV4000  pyrolysis  unit.  (B)  the  continuous  "liquid”  imet  sy-:em.  and  (O 
the  "solid"  inlet  system. 


constricting  a  Pyrex  tube  (6  mm  O.D.)  by  judicious  heating  and  blowing  in  a 
CjHj/O,  flame.  The  leak-rates  of  the  individual  capillaries  were  determined 
by  means  of  the  gas  inlet  systems  of  the  mass  spectrometer.  In  flash  vacuum 
pyrolysis  (FVP)  experiments,  were  field  ionization  was  used  as  the  detection 
method,  leak-rates  of  ca.  5  ■  10'3  Torr  I  s'1,  corresponding  to  a  mass  flow  of 
ca.  0.1  fig  s'1  to  the  ion  source  were  found  preterable. 

Samples  with  moderate  to  low  vapour  pressures  [case  (b)]  could  in 
principle  be  handled  using  a  heatable  version  of  the  above-described  gas 
inlet  system.  However,  such  compounds  frequently  appear  to  be  adherent 
and  extensive  flushing  may  be  necessary  in  order  to  avoid  interference  from 
preceding  experiments.  In  order  to  handle  such  compounds  a  system  consist¬ 
ing  of  a  capillary  leak  only  has  been  tested  (Fig.  IB).  The  liquid  sample  is 
placed  directly  into  the  leak  cavity,  the  desirable  amount  of  material  (ca.  0.1 
/ig  s'1)  evaporating  continuously  through  the  leak  into  the  FVP  reactor.  As 
the  mass  flow  under  these  conditions  is  considerably  higher  than  with 
gaseous  samples,  leaks  possessing  leak-rates  of  the  order  of  5  -  10" 5  Torr  1 
s'1  have  been  found  suitable  for  obtaining  a  ca.  0.1  jag  s'1  mass  flow. 


Finally,  an  inlet  system  has  been  designed  for  pyrolytic  studies  of  gaseous 
products  primarily  generated  from  solids,  e.g..  oligomers  (Fig.  1C).  The 
gaseous  species  are  obtained  continuously  by  smooth  thermal  decomposition 
(oil  or  air  bath)  of  the  solid  placed  in  an  external  quartz  tube.  In  principle, 
this  type,  of  inlet  system  could  be  used  to  evaporate  solids  in  general. 
However,  such  experiments' are  hampered  by  the  thermal  non-uniformity  of 
the  reactor,  i.e..  the  temperature  of  the  reactor  wall  is  close  to  ambient, 
giving  rise  to  loss  of  compounds  due  to  adsorption  on  to  the  cold  surfaces. 
This  is  a  clear  disadvantage  of  Curie-pomt  pyrolysis  in  its  present  form. 
However,  as  an  interesting  consequence,  it  appears  that  the  pyrolytic  reac¬ 
tions  become  the  result  of  single  collisions  between  the  reactant  molecules 
and  the  hot  filament  [5], 

APPLICATIONS  AND  DISCUSSION 
Inlet  systems 

The  continuous  flow  of  reactants  and  pyrolysis  products  facilitates  the 
optimal  operation  of  the  mass  spectrometer.  This  is  especially  important 
when  field  ionization  is  applied,  as  field  ionization,  even  though  it  is  the 
ionization  mode  of  choice  for  the  determination  of  product  distributions  in 
complex  organic  mixtures,  in  general  exhibits  a  low  sensitivity  compared 
wun.  e.g..  electron  impact  ionization.  The  utility  of  the  glass-inlet  system 
(Fig.  1A)  for  the  determination  of  low-intensity  pyrolysis  products  is  il¬ 
lustrated  by  the  pyrolysis  of  di-rm. -butyl  peroxide  (DTBP).  This  compound 
is  known  to  undergo  homolytic  cleavage  of  the  0-0  bond  to  form  rerr. -butoxy 
radicals,  which  decompose  consecutively  into  acetone  and  methv!  radicals 

[6.7]: 

(CH,)jC-0-0-C(CHj),  2(CH,),C-0' 

(CHj)jC-O'  -  CHj-CO-CHj  -v  CH, 

In  Fig.  2  the  field  ionization  mass  spectra  of  di-/w. -butyl  peroxide 
without  (Fig.  2a)  and  following  pyrolysis  at  1043  K  (Fig.  2b)  are  shown. 
After  pyrolysis  the  formation  of  a  compound  exhibiting  a  molecular  ion  of 
m/r  73  is  apparent  and  it  seems  reasonable  to  suggest  that  this  ion  is  due  to 
the  tert.-butoxv  radical  (C4H,0';  M  =  73). 

The  mean  transfer  time  from  the  reactor  to  the  ion  source  of  the  mass 
spectrometer  has  been  estimated  to  be  ca.  4  •  10' ' s  (  M  =  100).  Based  on  the 
the  rate  constant  for  the  ummolecular  decomposition  of  re/v.-butoxv  radicals 
into  acetone  and  methyl  radicals  (&]  =  10Ji.  corresponding  to  a  half-life 
/i/2  =  2  10'5  s  [8])  onlv  very  small  amounts  of  the  ten. -butoxv  radicals 


Rtloliv*  Intensity 
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Fig.  2.  Field  lomzauor.  mass  specira  of  di-ierr.-bui/l  peroxide  (DTBP).  (a)  before  pyrolysi- 
and  ib)  following  pyrolysis  a;  ICMj  K  fgoid-plaied  fiiame,.ii. 


should  enter  the  ion  source.  Hoxvever.  the  line-of-sight  inlet  system  allows  a 
limned  number  of  radicals  to  reach  the  ion  source  in  a  few  pains,  i.e..  the 
population  corresponding  to  the  lower  bound  of  the  function  defining  the 
transfer  time  from  the  reactor  to  the  ion  source,  which  may  account  for  the 
detection  of  the  species. 

It  is  noteworthy  in  this  connection  that  in  a  pyrolytic  study  on  aliphatic 
nitrites  [9]  the  primary  generated  aikoxv  radicals  escape  detection  in  all 
instances,  clearly  demonstrating  the  performance  of  the  present  system. 

The  application  of  collision  activation  mass  spectrometry  plays  an  im¬ 
portant  role  in  the  characterization  of  single  pvrolyticallv  generated  com¬ 
pounds.  In  order  to  obtain  collision  activation  mass  spectra  of  high  quality,  a 
stable  primary  ion  beam  is  required  and  hence  a  stable  and  sufficient  flow  to 
the  ion  source.  In  particular,  studies  on  isomerization  reactions  require  a 
high  reproducibility  of  the  relative  ion  intensities  in  order  to  obtain  an 
unambiguous  verification  of  the  isomerized  species.  The  glass-ii  let  s'  >tem  is 
most  useful  for  ensuring  a  stable  flow  into  the  reactor  wun  gases  or 
low-boiling  liquids,  but  is  inadequate  in  studies  on  compounds  mat  exhibit 
moderate  to  low  vapour  pressures.  Nitrobenzene  is  a  relatively  polar  com¬ 
pound  with  a  modest  vapour  pressure  (/>(85',C)  =  10  Torrj.  The  unimolecu- 
lar  pyrolysis  of  nitrobenzene  by  application  of  the  Itquid-capillary-inlet 
system  (Fig.  IB)  has  been  reported  previously  (10).  The  product  distribution 
determined  by  field  ionization  (Fig.  3)  reveals  an  intense  ion  of  m/z  93, 
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Fig..  3.  Field  ionization  mass  spectra  of  nitrobenzene,  (a)  before  pyrolysis  and  (b)  following 
pyrolysis  at  1043  K.  (gold-plated  filament). 


Fig.  4.  Collision  activation  mass  spectrum  of  the  electron  impact-induced  molecular  ion  of 
nitrobenzene  ( m/z  123). 
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assigned  to  the  phenoxy  radical,  which  a  priori  can  be  expected  to  be 
generated  by  removal  of  NO  from  an  intermediate  phenyl  nitrite  [11,12].  In 
an  attempt  to  obtain  an  experimental  verification  of  this  reaction  the 
electron  impact-induced  molecular  ion  (m/z  123)  was  investigated  by  colli¬ 
sion  activation  without  and  following  pyrolysis  (1043  K).  Fig.  4  shows  the 
collision  activation  mass  spdctrum  of  unpyroivzed  nitrobenzene,  the  spec¬ 
trum  being  virtually  unchanged  following  pyrolysis.  The  electron  impact 
spectra  of  nitro  compounds  are  in  general  different  from  those  of  the 
corresponding  nitrites  [13]  and  therefore  significant  differences  between  the 
collision  activation  mass  spectra  of  nitrobenzene  and  phenyl  nitrite  should 
also  be  expected  [2],  With  this  background,  we  conclude  that  phenyl  nitrite  is 
not  present  in  the  pyrolysate  entering  the  ion  source  ( <  2T>  relative  to 
nitrobenzene). 

The  intermediacy  of  nitrites  in  the  pyrolysis  of  nitro  compounds  is 
generally  formulated  as  a  sequence  of  radical  reactions  [14]: 

Ph-NO,  —  Ph'-r  NO, 

Ph' t  NO,  -•  Ph-O-NO 

As  bimolecular  reactions  can  be  regarded  as  absent  under  the  present 
conditions,  the  observed  products  have  to  be  rationalized  in  terms  of 
unimolecular  reactions  only.  The  formation  of  the  necessary  C-0  bond  most 
probably  involves  a  three-centred  transition  state: 


The  activated  complex  may  possess  two  distinct  resonance  structures,  which 
are  expected  to  lead  to  phenyl  nitrite,  by  ring  opening,  and  the  phenoxy 
radical,  by  direct  expulsion  of  NO.  The  apparent  absence  of  phenyl  nitrite  in 
the  pyrolysate  is  in  agreement  with  the  latter  mechanism.  However,  taking 
the  thermal  lability  of  nitrites  into  account,  we  are  unable  to  rule  out 
definitely  the  possible  intermediacy  of  phenyl  nitrite  in  the  low-pressure 
pyrolysis  of  nitrobenzene. 

Solids,  owing  to  the  thermally  non-uniform  reactor  design,  can  only  be 
handled  with  difficultly,  as  mentioned  in  the  Introduction.  However,  a 
solid-inlet  system  has  been  used  successfully  to  generate  desired  compounds 
from  polymers  or  by  specific  thermally  induced  reactions',  subsequently  the 
liberated  gaseous  species  may  be  subjected  to  pyrolytic  studies.  The  latter  is 
well  illustrated  by  the  generation  of  the  cyclic  sulphenic  ester  1,2-oxathiolane 
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by  smooth  cracking  of  the  phthaiimido  derivative  [2.15],  An  investigation  of 
the  gaseous  product  by  field  ionization  (Fig.  5a)  reveals  only  a  single 
product,  1,2-oxathioiane.  The  byproduct  phthalimide  remains  in  the  reaction 
tube.  The  related  disulphide,  1,2-dithiolane,  at  ordinary  temperatures  and 
pressures  known  only  as  a  polymeric  substance,  is  similarly  obtained  in  high 
purity  by  heating  the  polvmer  to  its  melting  point  (105-1 10 °C)  [4]  (cf.  Fiz. 
5b). 


(CjHsSj), 

In  summary,  we  have  demonstrated  that  the  inlet  systems  described  here 
are  capable  of  handling  even  compounds  with  very  different  physical  proper¬ 
ties.  i.e..  from  gaseous  to  polymeric  materials. 


Fig.  5.  Field  ionization  mass  spectra  of  (a)  1.2-oxathiolane  and  (b)  1,2-dithiolane. 
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Pulse-pyrolysis 

Kinetic  studies  of  pyrolytic  reactions  are  often  troublesome  * **  owing  to  the 
possible  interference  from  consecutive  bimolecular  reactions  involving 
primary  generated  pyrolysis  products.  However,  the  very  low  pressure  pyrol¬ 
ysis  (VLPP)  technique,  described  e.g..  by  Golden  et  al.  [17],  reduces  this 
problem,  whereas  the  kinetic  evaluation  turns  out  to  be  complicated  [18-22]. 

The  very  low  pressure  ensures  that  only  unimolecular  reactions  appear 
and  the  appearance  of  consecutive  unimolecular  reactions  is  diminished  by 
careful  reactor  design.  The  use  of  inductive  heating  in  connection  with 
low-pressure  gas-phase  pyrolysis  is  well  established  [23],  and  in  contrast  to 
the  traditional  Knudsen  reactor  design  the  Curie-point  pvrolyzer  benefits 
from  very  fast  healing  rates  and  extremely  well  defined  pyrolysis  tempera¬ 
tures.  The  introduction  of  continuous  inlet  systems  opens  up  the  opportunity 
of  carrying  out  kinetic  studies  by  low-pressure  Curie-point  pyrolysis,  the 
potential  being  illustrated  with  examples  from  d.i-te/-f. -butyl  peroxide  (DTBP) 
pyrolysis.  The  pyrolysis  of  the  peroxide  is  virtually  irreversible  under  the 
given  conditions  owing  to  the  low  reactor  pressure.  Hence  the  process  will 
follow  first-order  kinetics.  Introduction  of  the  term  specific  flux  [17]  of  the 
peroxide,  FDTBP.  entering  the  reactor  leads  to  the  following  expression: 

fDTae  =  fc.tDTBP]^k[DTBP)  (1) 

For  k  =  0.  FDTaP  =  k,[DTBP]0;  kt  is  the  unimolecular  escape  rate  constant 
[17],  wnich  is  equal  t^  the  reciprocal  of  the  mean  residence  time.  tmr.  in  the 
present  instance  being  approximated  by  the  Knudsen  formula  (eqn.  2), 

‘mt  (s)  =  AV/cAK  (2) 

where  V  is  the  reactor  volume  (0.13  cm3),  A  the  area  of  the  orifice  (0.03  cnr) 
and  K  a  constant  The  mean  molecular  rate.  c.  is  determined  according  to 
the  kind.  _•  gas  theory  teqn.  3),  T  be.ng  the  temperature  and  M  the  molecular 
weight  of  the  molecule  under  investigation,  i.e..  in  the  present  case  M  =  146. 

c  (cm  s'1)  =  1.46 -10-7(774/)  (3) 

On  pyrolysis,  the  stationary  concentration  of  the  peroxide.  [DBTP]r,  is 


*  Actually,  the  pyrolysis  of  a  single  compound  becomes  equivalent  to  the  decomposition  and 
interactions  of  often  complex  mixtures  of  primary  products,  e.g..  the  simulation  of  the 
ethane-propane  pyrolyses  requires  an  estimate  of  ca.  400  main  reactions  [16]. 

**  The  constant  K  is  a  correction  factor,  which  has  to  be  included,  because  in  the  present 
set-up  the  pyrolvzate  leaves  the  reactor  zone  through  a  tube  (length  24  cm.  radius  r  0.1  cml 
[24],  In  the  present  case  K.  which  is  a  dimensionless  function  of  l/r,  equals  0.011  (5],  It 
should  be  noted  that  in  our  previous  studies  this  "tube  effect"  was  neglected  [1].  which 
caused  a  pronounced  underestimate  of  mean  residence  and  transfer  times. 
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PYROLYZER  STATUS 

Fig.  6.  Pulse-pyrolyMi  01'  dwm.*butyl  peroxide  (DTBP)  (**»/:  146)  at  753  K  (a)  and  631  K 
(b)  (gold-plated  filaments),  the  ion  current  as  function  of  time  being  monitored  by  Held 
ionization  mass  spectrometry.  Pyrolysis  pulse  length:  15  s  (denoted  by 


smaller  than  the  corresponding  values  without  pyrolysis  [DTBP]0.  owing  to 
the  decomposition  that  takes  place. 

^otbf  =  k, [ DTBPlo  =  k,  [ DTBP]  r  +  k  ( T)[  DTB P]  T  (4) 

Rewriting  eqn.  4  leads  to  the  expression  5.  where  the  stationary  concentra¬ 
tions  [DTBP]0  and  [DTBPJr  are  directly  related  to  the  ion  intensities  of  the 
molecular  ion  (m/c  146). 

[DTBPlo  -[DTBP]  T 

[DTBP]  T  *  k,  1T 

Fig.  6  shows  a  sequence  of  pyrolyses  with  adequate  cooling  periods,  i.e.. 
pulse-pyrolysis,  of  di-rm.-butyl  peroxide  at  631  and  753  K.  A  high  repro¬ 
ducibility  of  the  stationary  concentrations.  [DTBP]0  and  [DTBP]r,  is  ap¬ 
parent.  Also  noteworthy  are  the  relatively  long  cooling  periods,  which 
increase  considerably  with  increasing  pyrolysis  temperature  (cf.  Figs.  6  and 
7).  The  relevant  data  derived  from  Fig.  6  and  the  calculated  rate  constants 
are  given  in  Table  1.  It  is  emphasized  that  the  calculated  rate  constants 
(Ar(T)]  are  low-pressure  values,  which  by  means  of  the  RR.K.M  thenry  [18]  in 


ION  CURRENT 


PYROLYZER  STATUS 

Fig.  7.  Pulse-pyrolysis  of  dwerr.-butyl  peroxide  (DTBP)  at  1043  K  (gold-plated  filament),  the 
ion  current  as  function  of  lime  being  monitored  by  field  ionization  mass  spectrometry:  (top) 
the  precursor  DTBP  {m/z  146).  (middle)  the  primary  product  (C4HqO')  ( m/z  73)  and 
(bottom)  the  eventual  product  (acetone)  ( m/z  58).  Pyrolysis  pulse  length:  15  s  (denoted  by 


principle  may  be  converted  into  the  corresponding  high-pressure  values 
k^(T)  *.  However,  on  the  basis  of  the  limited  number  of  data  presented 
here,  this  will  not  be  achievable.  A  method  for  conversion  of  k(T)  to  k^[T) 
and  subsequent  evaluation  of  high-pressure  Arrhenius  parameters,  especially 
designed  for  low-pressure  Curie-point  pyrolysis  studies,  based  on  an  effective 
temperature  approach,  is  being  developed  [5]. 


*  The  high-pressure  values  kv(T)  are  given  by  log  £^(7)  - 15.6  -  37.4/0  { 0  -  2.303tfT) 
(ref  8.  p.  430).  i.e..  the  rate  constants  for  631  and  753  K.  are  calculated  to  444  and  55735  s_1. 
respectively.  The  rate  constants  determined  here  (Table  1).  on  the  other  hand,  correspond  to 
effective  temperatures  of  546.9  and  604.2  K.  respectively,  i.e..  the  molecules  obtain  an  internal 
energy  corresponding  to  75  and  67$.  respectively,  of  that  theoretically  achievable. 
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TABLE  1 


Low-pressure  rate  constants  for  the  decomposition  of  di-tert. -butyl  peroxide  (DTBP) 


riK) 

■^jmb 

lr 

k,n-'y 

k(T)(s-') 

631 

100 

76 

70 

mmmm 

4.5 

753 

100 

10.8 

70 

E9H 

118.1 

*  Owing  to  the  "single-collision  nature"  of  the  pyrolyses  in  the  present  set-up  (5).  the 
molecules  will  probably  leave  the  reactor  with  a  temperature  close  to  ambient.  Hence.  imt. 
and  consequently  kt,  applied  here  correspond  to  300  K. 


Finally,  it  should  be  noted  that  the  principle  of  pulse-pyrolysis  may  also 
be  useful  for  the  detection  of  minor  pyrolysis  products  as  shown  in  Fig.  7, 
where  the  appearance  of  the  ion  at  m/z  73  ( ten. -butoxv  radical)  is  synchro¬ 
nous  with  the  appearance  of  the  major  product  acetone  (m/z  38)  and  the 
disappearance  of  the  precursor  DTBP  (m/z  146).  unambiguously  demon¬ 
strating  that  the  formation  of  m/z  73  is  pyrolv tically  induced. 


CONCLUSION 

We  have  described  inlet  systems  for  low-pressure  Curie-point  pyrolysis, 
with  emphasis  on  a  constant,  continuous  flow,  which  appears  of  importance 
in  connection  both  with  identification  studies  (collision  activation  mass 
spectrometry)  and  with  kinetic  investigations.  The  potential  of  low-pressure 
Curie-point  pyrolysis  in  kinetic  studies  leading  to  low-pressure  rate  constants 
has  been  demonstrated.  However,  to  derive  high-pressure  Arrhenius  parame¬ 
ters  investigations  of  the  energy-transfer  process  with  special  reference  to  the 
effective  collision  frequency  in  the  reactor  are  necessary. 
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SUMMARY 

A  prototype  of  an  inductively  heated  How  reactor  for  gas  kinetic  studies  is  presented.  The 
applicability  of  the  system,  which  is  based  on  a  direct  coupling  between  the  reactor  and  the 
ion  source  of  a  mass  spectrometer,  is  illustrated  by  investigations  of  a  series  of  simple  bond 
fission  reactions.  The  method  permits  the  direct  determination  of  low-pressure  rate  constants, 
the  transformation  to  high-pressure  valuer-,  and  correspondingly  evaluation  of  activation 
parameters,  being  derived  by  means  of  an  empirical  "effective  temperature  approach”. 


INTRODUCTION 

In  recent  years  we  have  reported  in  a  series  of  papers  on  the  applicability 
of  Curie-point  pyrolysis  to  gas-phase  pyrolytic  studies  [1-6],  the  system 
being  based  on  a  direct  combination  of  the  Curie-point  pyrolyser  and  the  ion 
source  of  a  mass  spectrometer.  As  stated  previously  [3],  one  of  the  major 
disadvantages  of  the  Cune-pomt  technique,  as  generally  applied,  is  the 
limited  number  of  pyrolysis  temperatures  available.  Especially  from  a  kinetic 
point  of  view,  the  availablitv  of  only  5-10  temperatures  in  the  range 
358  —  1 1 3 1 0 C  is  highly  unsatisfactory.  Further,  varying  the  temperature,  by 
changing  the  filament,  may  be  expected  to  create  undesirable  geometric 
changes  in  the  reactor  owing  to  possible  alteration  of  the  flow  conditions. 

In  order  to  overcome  these  disadvantages  while  maintaining  the  ad¬ 
vantages  of  ihe  inductive  heating  principle,  e.g..  rapid  heating,  we  describe 
here  a  prototype  of  an  inductively  heated  flow  reactor  for  gas  kinetic  studies, 
where  arbitrarily  chosen  temperatures  in  the  range  from  ambient  to  the 
Cune-point  of  the  filament  c.-n  be  reached  within  less  than  1  min.  the 


*  For  Part  5.  see  ref.  6. 
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stabilization  of  the  temperatures  being  generally  within  ±\9k.  In  combina¬ 
tion  with  the  recently  introduced  continuous  flow  inlet  systems  and  the 
principle  of  pulse  pyrolysis  [6),  the  latter  term  being  defined  as  a  sequence  of 
pyrolvses  separated  by  adequate  cooling  periods,  an  effective  tool  for  gas 
kinetic  studies  is  obtained. 

A  complete  kinetic  investigation,  including  the  determination  of  20  rate 
constants  over  a  filament  temperature  range  of  100-150°C,  may  be  achieved 
within  ca.  60  min.  This  is  at  least  one  order  of  magnitude  faster  than 
conventional  heating  techniques.  The  utility  of  the  technique  is  illustrated  by 
studies  on  a  series  of  well  investigated  reactions. 


EXPERIMENTAL 
The  filament 

The  construction  of  the  “multi-temperature'’  filament  is  based  on  a 
chromei-alumel  thermocouple  (0.5  mm  O.D.).  The  thermocouple  was  con¬ 
nected  to  the  internal  surface  of  a  gold-plated  iron  tube  (length  35  mm.  O  D. 
1  mm.  I  D.  0.8  mm)  by  Au  soldering,  the  necessary  heating  being  carried  out 
inductively  by  application  of  a  small  length  of  cobalt  wire  to  ensure  a  high 
temperature  (1131  °C).  To  ensure  a  stable,  non-catalviic  surface,  the  assem¬ 
bled  filament  was  gold-plated  as  described  previouslv  (3],  The  multi-temper¬ 
ature  filament  is  shown  schematically  in  Fig.  1. 


A  BCD 


a5  17  34  35  mm 

Fig.  1.  "Mulli-lempcrature  filament''  design.  A,  Ferromagnetic  (e.g..  Fel  tube,  B.  thermocou¬ 
ple;  C,  gold  main*;  D.  gold  plating. 


Temperature  control 

Not  surprisingly,  the  techniques  outlined  here,  i.e.,  temperature  control 
and  data  collection  and  handling  (see  below),  rely  heavily  on  computeriza¬ 
tion  of  the  pyrolysis- mass  spectrometry  system.  Fig.  2  shows  the  experimen¬ 
tal  set-up.  The  mass  spectrometer  and  pyrolysis  unit  consist  of  a  Vanan-MAT 
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CH  5D  and  a  modified  Pve  Unicam  PV4000  pvrolyser,  respectively  (cf..  ref. 
1).  The  computer  facility  is  centred  around  a  Hewlet-Packard  HP9836 
desk-top  computer.  The  system  is  shown  in  Fig.  2. 

In  contrast  to  the  conventional  Curie-point  technique,  where  the  high- 
frequency  (HF)  unit  is  operated  continuously  throughout  the  duration  of  the 
pyrolysis,  the  multi-temperature  inductive  heating  method  is  based  on  a 
pulse-mode  operated  HF  unit.  Hence  the  temperature  control  is  the  result  of 
an  interplay  between  the  following  three  HF  parameters:  (1)  pulse  length 
(the  time  periods  where  HF  is  applied),  (2)  delay  time  (the  time  periods 
between  the  HF  pulses)  and  (3)  amplitude.  The  first  two  are  controlled 
interactively  via  the  HP9836  unit,  typical  values  being  25  and  200  ms. 
respectively.  The  amplitude,  on  the  other  hand,  is  controlled  manually. 
Owing  to  the  relatively  low  power  (30  W)  delivered  by  the  PV4000  unit, 
lowering  of  the  amplitude  is  only  of  interest  at  low  filament  temperatures 
(7)  <  500°C). 

Obviously,  a  given  pulse  length/delay  ratio  is.  in  principle,  the  optimal 
choice  for  a  narrow  temperature  range  only.  However,  in  practice  it  can  be 
used  over  a  T:  range  of  100-150°C  without  any  significant  decrease  in 
quality. 

Attainment  of  a  given  arbitrary  temperature  appears  as  a  three-parameter 
process:  (a)  a  rapid  sequence  of  HF  pulses  to  obtain  the  temperature 
required,  (b)  a  simple  on/off  procedure  to  gain  thermal  equilibrium  in  the 
filament  and  f c)  a  final  control  based  on  HF  pulses  delivered  only  if  the 
temperature  profile  is  decreasing  and  if  the  temperature  is  beiow  the  chosen 
value  ( Fig.  3). 

In  Fig.  4  temperature  variations  with  time  for  T,  =  400.  500.  600  and 
700°C  are  shown.  Fig.  5  illustrates  the  actual  temperature  Mabilization  for 
Tt  =  500°C.  In  general,  the  temperature  control  achieved  is  better  than  plS. 

For  kinetic  studies,  a  series  of  filament  temperatures,  typically  over  a 


range  of  100-150°C,  are  needed,  with  adequate  cooling  periods,  i.e..  pulse 
pyrolysis.  In  Fig.  6  a  pulse  pyrolysis  sequence  is  shown,  the  filament 
temperature  ranging  from  400  to  525 3 C  in  steps  of  25 °C. 

TCC) 

500 

400 

300 

200 

100 


Fig.  6.  Pulse  pyrolysis  sequence  for  kinetic  studies. 

Dai  a  collection  and  handling 

As  (he  inductive  heating  procedure  gives  rise  to  high  rates  of  temperature 
increase,  rapid  control  of  the  HF  unit  is  crucial,  which  can  only  be  achieved 
by  a  relatively  large  number  of  temperature  measurements  (ca.  50  measure¬ 
ments  per  second).  The  temperature  measurements  are  conducted  via  an 
HP3497A  data  acquisition/control  unit  and  an  HP3456A  digital  voltmeter. 
The  corresponding  digitized  ion  currents  (see  below)  are  comptiea  in  parallel 
ov  a  HP  3478  digital  voltmeter. 

The  collected  data  are  evaluated  by  the  HP9836  computer  facility  in  order 
to  obtain  low-pressure  rate  constants,  as  well  as  to  obtain  the  low-  to 
high-pressure  correction  and  eventually  the  Arrhenius  parameter- 

Kinenc  analysis 

Kinetic  studies  of  pyrolytic  reactions,  e.g..  within  the  fieid  of  combustion, 
are  often  troublesome,  owing  to  the  possible  appearance  of  several  consecu¬ 
tive  uni-  and  bimolecular  reactions  involving  primary  generated  pyrolysis 
products  [7],  However,  carrying  out  the  pyrolysis  at  very  low  pressures,  as 
described  by  Golden  et  al.  [8j,  diminishes  this  problem,  as  only  ummolecular 
reactions  will  appear.  Unfortunately,  the  subsequent  lunette  analysis  turns 
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oat  from  a  theoretical  point  of  view  to  be  complicated  [9-13].  Briefly,  it  can 
be  said  that  the  problem  arises  as  the  reacting  molecules  in  a  very  low 
pressure  pyrolysis  flow  reactor  do  not  reach  thermal  equilibrium,  owing  to 
an  insufficient  number  of  molecule-wall  collisions,  before  they  leave  the 
reactor.  Hence  the  statistical  energy  distribution  in  the  molecules  does  not 
correspond  directly  to  the  reactor  temperature.  This  effect,  the  so-called 
fall-off,  becomes  increasingly  pronounced  at  higher  pyrolysis  temperatures. 
Theoretically,  the  unimolecular  behaviour  of  reacting  molecules  at  low 
pressures  can  be  described  by  the  RRKM  theory  (9],  which  is  inadequate  in 
many  instances,  however,  owing  to  the  lack  of  required  thermodymanic  data 
for  the  molecules  under  investigation. 

By  the  technique  here  described  we  approach  the  problem  from  an 
empirical  point  of  view,  namely  by  determining  the  “effective  temperature" 
for  the  molecules  in  the  reactor,  i.e.,  the  temperature  (actual  energy  distribu¬ 
tion)  which  the  molecules  apparently  achieve  in  the  reactor  at  a  given 
filament  temperature.  Hence,  a  correction  term  may  be  derived,  which 
enables  us  to  correlated  experimentally  determined  rate  constants  with 
actual  reaction  temperatures  (the  “effective  temperatures"). 

Experimentally,  rate  constants  ( k )  are  determined  according  to  eqn.  1, 
where  IT  and  /amb  correspond  to  the  ion  current  of  the  selected  ion  entering 
the  mass  spectrometer  following  pyrolysis  and  at  ambient  temperature, 
respectively  [6.8];  kt  is  the  unimolecular  escape  constant,  which  equals  the 
inverse  mean  residence  time.  tm!,  of  the  molecules  in  the  reactor  (cf..  eqns.  2 
and  3)  [6.8], 

^^.(U-/r)Ar  $-'  (1) 

=  fmr"'  =  CAK/W  S*1  (2) 

c=  1.46-  104v'("r/JV/)  cm  s'1  (3) 

where  A  is  the  area  of  the  orifice  of  the  reactor  (0.0384  cm:),  V  is  the  reactor 
volume  (0.114  cm3)  and  AT  is  a  constant,  the  tube  factor  [6],  Owing  to  the 
"single-collision  nature”  of  the  pyrolysis  in  the  present  reactor  set-up  [14], 
both  the  unreacted  molecules  and  the  pyrolysis  products  will  probably  leave 
the  reactor  with  a  rate  corresponding  to  a  temperature  close  to  ambient. 
Hence,  the  k,  applied  here  correspond  to  300  K. 

However,  it  should  be  noted  that  even  variations  in  kt  due  to  temperature 
effects  (cf.,  eqns.  2  and  3)  will  have  very  little  effect  on  the  activation 
parameters  denved  from  the  Arrhenius  equation: 

k  =  A^expi-E/RT)  (4a) 

In[(/an,„  -  IT)/IT\  +\nk'  =  \nA„-  E/RT  (4b) 

Neglecting  the  temperature  effect  on  kc  completely,  as  in  this  study,  may 
lead  to  an  underestimation  of  the  activation  energy  by  less  than  1  kcal  mol  ~ 1 
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over  a  temperature  range  from  300  to  900  K  ( E  determined  as  the  slope  of 
the  Arrhenius  plot).  Accordingly,  the  corresponding  underestimation  of 
In  will  be  less  than  0.5. 

Experimental  determination  of  a  series  of  rate  constants  at  different 
filament  temperatures,  Tt  (eqn.  1),  permits  an  estimate  of  the  effective 
temperatures,  T  (actually  corresponding  to  the  single  rate  constants)  by 
including  known  activation  parameters  (£  and  >fn)  in  the  Arrhenius  equa; 
tion  (eqn.  4). 

It  seems  physically  reasonable  to  assume  that  the  effective  temperature 
increment  per  collision  between  the  molecule  and  the  hot  filament  surface 
follows  a  linear  law  [15]: 

dT/dn=  p(T,-T)  (5) 

However,  in  the  present  set-up,  where  reactions  are  results  of  single  collisions 
between  molecules  and  the  filament  (dn  =  1  and  d T  =  T  -  Tltnb),  the  follow¬ 
ing  relationship  between  the  filament  temperature  and  the  effective  tempera¬ 
ture  is  obtained: 

T~T^  +  fi(T,-TM)  (6) 

It  should  be  noted  that  the  temperature  correction  factor,  /?.  which  is  a 
measure  of  the  molecule-wall  collision  efficiency,  is  not  necessarily  a  '*  uni¬ 
versal”  constant,  depending  only  on  the  reactor  geometry  and  the  filament 
temperature.  In  addition,  it  is  highly  likely  that  the  /3-values  are  ‘‘molecule- 
dependent".  Thus.  Gilbert  recently  suggested  an  empirical  relationship  be¬ 
tween  the  /3-values  and  the  boiling  point  of  the  molecules  [16],  Nevertheless, 
it  appears  (see  below)  that  the  moiecuie-dependent  variations  for  the  limited 
number  of  reactions  described  below  are  minor.  Hence,  as  a  first  assump¬ 
tion.  we  tentatively  suggest  a  single  PIT,)  curve  and.  accordingly,  a  single 
T(T,)  cutve. 


RESULTS  AND  DISCUSSION 

In  this  preliminary  study  of  the  application  of  an  inductively  heated  flow 
reactor  for  gas  kinetic  investigations,  five  reactions  have  been  included,  as 
summarized  in  Table  1.  All  the  r-acuons  have  been  kinetically  investigated 
previously  [17-19],  i.e..  well  documented  activation  parameters  are  available. 

Investigations  of  the  unimolecular  decomposition  kinetics  of  these  five 
reactions,  as  described  in  the  previous  section,  gave  nse  to  five  senes  of 
temperature  correction  factors.  /?.  Fig.  7  shows  the  dependence  of  /3  as 
function  of  the  filament  temperature.  It  can  be  seen  that  the  data  for  the  first 
three  reactions  ( I  — III.  Table  1)  are  well  descnbed  by  a  single  "universal" 
/3(7"f)  curve  (Fig.  7.  dotted  line),  whereas  the  data  for  the  decompositions  of 
tetramethyllead  (Me4Pb,  IV)  and  diethyl  carbonate  (Et-C03,  V)  do  not  fit 
this  curve. 
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Fig.  7.  Temperature  correction  factors.  0,  as  a  function  of  filament  temperature. 

With  tetramethyllead.  some  kind  of  auto-cataiysis  probably  takes  place, 
the  eventual  product  being  lead.  This  became  evident  by  visual  inspection  of 
the  filament  surface  following  the  investigation  of  reaction  IV.  In  this  case 
the  gold  surface  was  covered  by  a  dark  coating,  apparently  lead,  i.e.,  the 
“non-catalytic"  gold  surface  was  lacking. 

More  surprising  was  the  /?(7"f)  relationship  for  diethyl  carbonate  (reaction 
V),  the  estimated  correction  factors  being  considerably  smaller  than  would 
be  expected  if  the  data  fitted  the  “universal”  P{T,)  relationship.  The 
estimated  jS( 3”r )  relationship  (Fig.  7),  which  is  based  on  the  activation 
parameters  given  in  ref.  18.  strongly  indicates  that  tne  decomposition  of 
diethyl  carbonate,  at  least  in  the  present  experimental  set-up,  is  not  de¬ 
scribed  by  a  single  reaction  [18],  but  more  reasonably  by  at  least  two  parallel 
reactions: 


In  ktk 2  =  In  A^lAyol-(El  +  E2)/RT 

In  the  latter  case  the  estimated  rate  constants  (eqn.  1)  are  in  fact  a 
combination  of  kx  and  k2.  However,  as  the  0(T,)  fit  is  based  on  £,  alone, 
this  leads  to  an  underestimation  of  the  temperature  correction.  Experimen¬ 
tally,  the  presence  of  a  second  reaction  path  for  the  decomposition  of  diethyl 
carbonate  was  verified  by  analysing  the  product  composition  following 
pyrolysis  of  the  latter,  as  previously  described  [1],  In  addition  to  ethanol  and 
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Fig.  8.  Effective  temperature  as  a  function  of  filament  temperature. 

ethylene  [18],  we  found  considerable  amounts  of  acetaldehyde,  which  is 
probably  formed  via  a  five-membered  transition  state  as  described  for  ethyl 
acetate  [20]. 

Taking  the  above  discussions  into  account,  it  seems  reasonable  to  con¬ 
struct  a  T(Tt)  curve  based  on  the  data  obtained  from  reactions  I— III  (Table 
1).  The  T(T,)  relationship  is  shown  in  Fig.  8,  and  corresponds  well  with  the 
results  reported  by  Amorebleta  and  Colussi  [15]. 

Finally,  the  possible  effect  of  a  poorly  determined  temperature  correction 
should  be  mentioned.  Introducing  the  expression  for  the  effective  tempera¬ 
ture  (eqn.  6)  into  the  Arrhenius  equation  (eqn.  4a)  gives  the  following 


TABLE  1 
Reactions  studied 


£/In  * 

Ref. 

I 

/*rr.-Bu-0-0-/erf.-Bu  -*  2  tert.-Bu-Q 

37.4/35.9 

17,  p. 

430 

II 

Me-N-N-Me  -  Me-N-N  +  Me 

52.5/38.0 

IT  P- 

448 

III 

Et-N-N-Ei  -  Et-N-N'  +  Et 

50.0/37.5 

17,  p. 

451 

IV 

Me4  Pb  -•  Me  +  Mej  Pb 

49.4/33.9 

18 

V 

EtO-CO-OEt  -  CjHjOH-t-CjH,  +CO, 

46.4/30.3 

19 

J  *  Activation  energies  in  kcaj  mol~l. 
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expression  for  variations  in  activation  energy  as  function  of  variations  in  jS: 
A£-j?A/3(r(-rim(,)(ln^,-!ni)  (7) 

with  the  relative  variation  in  the  activation  energy  being  given  by 

^E/E  =  Lfi(T,  -  T^)/[T^  +  p(T<  -  r^Jj  (S) 

For  filament  temperatures  around  850  K  we  find  /3  =  0.8  (cf..  Fig.  7).  Hence, 
a  10f&  variation  in  /3.  corresponding  to  i0.08,  affords  variations  in  activa¬ 
tion  energies  (eqn.  8,  7jm!>  =  300  K)  of  less  than  ±.S%.  In  theory,  In  A.c  is 
independent  of  /3.  However,  in  practice  one  may  expect  some  limited 
variations  of  In  A based  on  a  graphical  estimation. 

It  is  strongly  emphasized  that  the  system  here  described  is  a  prototype  of 
an  inductively  heated  flow-  reactor  for  gas  kinetic  studies,  and  only  simple 
bond-fission  reactions  have  been  applied  to  estimate  the  T(T,)  relationship. 
Attempts  to  study  other  types  of  reactions,  e.g..  elimination  of  ethylene  from 
ethyl  acetate  [21 J,  were  surprisingly  unsuccessful,  which  we  ascnbe  to 
unfavourable  reactor  design.  Roughly,  reactions 'proceeding  through  transi¬ 
tion  states  with  a  high  degree  of  organization,  (e.g.,  the  six-membered  cyclic 
transition  state  for  the  above  mentioned  elimination  of  ethylene  from  ethyl 
acetate)  will  be  strongly  impeded  by  thermal  quenching  of  the  activated 
molecules  at  the  cold  reactor  wall  before  they  reach  the  organized  transition 
state,  a  phenomenon  that  will  be  of  minor  importance  in  instances  of  simple 
bond-fission  reactions,  the  latter  exhibiting  transition  states  of  more  random 
structure.  The  effect  is  recognized  in  mass  specmetry  as  the  “kinetic  shift" 
phenomenon  [22].  It  is  expected  that  more  carefui  reactor  design  will 
eliminate  the  kinetic  shift  phenomenon’,  this  wiil  be  the  subject  of  further 
studies. 

CONCLUSION 

A  prototype  of  an  inductively  heated  flew  reactor  for  gas  kinetic  studies, 
with  the  reactor  directly  coupled  to  the  ion  source  of  a  mass  spectrometer, 
has  been  described.  The  applicability  of  the  system  was  elucidated  bv- 
investigations  of  the  unimolecular  decomposition  of  a  senes  of  simple 
bond-fission  reactions.  A  “universal”  relationship  between  ihe  fiiamer.t 
temperature,  Tt,  and  the  effective  temperature.  T,  has  been  derived.  Obvi¬ 
ously  the  system,  in  its  present  state,  is  less  favourable  for  the  studv  of 
reactions  with  highly  organized  transition  states.  This  shortcoming,  however, 
is  expected  to  be  remedied  by  more  careful  reactor  design. 
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SUMMARY 

The  possible  direct  participation  ot  the  hot  reactor  surface  in  the  formation  of  pyrolysis 
products  was  elucidated  through  the  pyrolytic  decomposition  of  phenyl  azide.  It  is  demon¬ 
strated  that  the  intermediate  phenyl  nitrene  generated  reacts  with  elemental  carbon  at  the 
filament  surface,  leading  eventually  to  benaonitrle.  Tne  importance  of  well  defined  surfaces 
is  discussed. 


INTRODUCTION 

The  importance  of  the  procedure  used  for  cleaning  wires  for  Curie-point 
pyrolysis  has  been  reported  by  Windig  et  ai.  [1]  and  recently  we  reported  on 
the  applicability  of  gold-plated  Filaments  for  gas-phase  Curie-point  pyrolysis 
in  an  attempt  to  surpress,  or  even  eliminate,  reactions  induced  by  the 
presence  of  hot,  reactive  metal  surfaces  such  as  nickel,  iron  or  cobalt  [2,3]. 
The  effect  of  gold  coating  was  elucidated  by,  e.g.,  the  apparent  loss  of 
atomic  oxygen  from  compounds  containing  semi-polar  X*-0'  bonds  (X=S 
or  N}  [2], 

This  paper  describes  the  direct  participation  of  the  surface  in  the  forma¬ 
tion  of  products  in  gas-phase  Curie-pomt  pyrolysis,  exemplified  by  the 
pyrolytic  decomposition  of  phenyl  azide  (1).  Thus,  observation  of  products, 
the  formation  of  which  seems  unlikely,  or  even  impossible,  at  first  sight  may 
be  considered  in  terms  of  a  direct  surface  participation,  i.e.,  a  gas-solid 
reaction. 

In  a  previous  paper  [2]  we  discussed  the  gas-phase  pyrolysis  of  nitroben¬ 
zene  (2),  which,  on  applying  an  iron  filament  (770°C)  surprisingly  gave 


*  For  Part  6,  see  H.  Egsgaard.  P.  Bo  and  L.  Carisen,  J.  AnaL  Appl.  Pyrol.,  8  (1985)  3. 
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minor  amounts  of  benzonitrile  (3).  The  formation  of  relatively  large  amounts 
(5.3%)  of  3  on  pyrolysis  of  2  has  previously  been  reported  by  McCarthy  and 
O’Brien  [4],  but  the  presence  of  3  among  the  pyrolysis  products  was  not 
discussed. 

1  2  3 

The  nitrile  3  unambiguously  contains  an  additional  carbon  atom  com¬ 
pared  with  the  starting  nitrobenzene  2.  An  obvious,  but  unusual,  explana¬ 
tion  would  be  a  reaction  between  phenyl  nitrene  (4),  generated  by  consecu¬ 
tive  deoxygenation  of  2  [2],  and  elemental  carbon  present  at  the  Curie-point 
filament.  It  should  be  noted  that  with  the  application  of  uncoated  wires,  e.g., 
iron,  carbonaceous  deposits  are  typically  formed,  which  can  easily  be 
observed  by  visual  inspection  of  the  wires  following  use  in  pyrolyses 
experiments. 

To  verify  the  above  assumption  we  studied  the  gas-phase  pyrolysis  of 
phenyl  azide  (1)  as  the  ideal  precursor  for  the  nitrene  4.  The  studies  were 
carried  out  using  the  low-pressure  gas-phase  Curie-point  pyrolysis  technique, 
which  has  been  described  in  previous  papers  [5,6],  the  products  being 
analysed  by  field  ionization  (FI)  and  collision  activation  (CA)  mass  spec¬ 
trometry  (MS). 


EXPERIMENTAL 

Gas-phase  pyrolysis-FI-CAMS  experiments  were  carried  out  as  de¬ 
scribed  previously  [5,6],  applying  a  continuous-flow  inlet  system  [7]. 

Gold-plated  filaments  were  produced  as  described  in  a  previous  paper  [2], 
The  carbon  coatings  were  obtained  by  treatment  of  the  appropriate  gold- 
plated  filament  with  a  thin  paste  of  activated  carbon  (Norn  W20)  in  water 
followed  by  drying  in  vacuo.  Prior  to  use  the  filaments  were  repeatedly 
heated  to  the  Curie  point. 


RESULTS  AND  DISCUSSION 

Pyrolysis  of  1  at  770  °C  applying  a  gold-plated  [2]  iron  filament  afforded 
the  expected  products  only  (Fig.  lb),  as  aniline  (5)  (m/z  93)  and  1-cyano- 
1.3-cyclopentadiene  (6)  (m/z  91)  were  observed.  Both  products  result  from 
the  presence  of  an  intermediate  nitrene.  picking  up  two  hydrogens  from  the 
reactor  surface  (4  -»  5)  and  rearranging  (4  -*  6)  [8,9],  respectively. 
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Application  of  a  gold-coated  iron  filament,  further  coated  with  a  layer  of 
amorphous  carbon,  led  to  the  formation  of  an  additional  product,  exhibiting 
a  molecular  weight  of  103  on  pyrolysis  of  1  (Fig.  lc).  Based  on  CAMS  [6] 
and  comparison  with  authentic  samples,  this  product  was  identified  as 
benzonitrile  (3)/phenyl  isocyanide  (7).  Hence,  we  conclude  that  the  nitrene 
4  apparently  can  react  with  elemental  carbon,  leading  to  3/7. 
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Obviously,  the  reaction  between  a  nitrene  and  elemental  carbon  must 
afford  primarily  an  isocyanide.  However,  phenyl  isocyanide  (7)  rapidly 
rearranges  into  the  corresponding  nitrile  3  (10].  Further,  it  appears  not  to  be 
possible  to  distinguish  between  7  and  3  by  CAMS. 

o- 

<  '  7  •'  3 

The  presence  of  benzonitrile  among  the  pyrolysis  products  from  phenyl 
azide  has  previously  been  discussed  by  Crow  and  co-workers  [11,12],  They 
proposed  a  mechanism  involving  the  loss  of  an  N’(  radical  from  the  azide, 
the  remaining  phenyl  radical  subsequently  combining  with  a  CN"  radical, 
arising  from  a  consecutive  decomposition  of  l-cyano-l,3-cyclopentadiene 
(6),  leading  to  the  nitrile  (3).  Based  on  the  above,  this  mechanism  can 
obviously  be  ruled  our  under  the  prevailing  conditions,  as  the  study  of  the 
pure  unimolecular  decomposition  of  1  (Fig.  lb)  did  not  lead  to  3. 


Fig.  2.  Field  ionization  mass  spectra  of  (a)  unpyrolysed  phenyl  azide  and  after  pyrolysis  of 
phenyl  azide  at  980  ^  C  at  ib)  gold  and  <c)  gold/carbon  surfaces. 
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It  can  be  mentioned  that  minor  amounts  of  the  low-volatile  azoben2ene 
were  also  observed.  Control  experiments  on  the  pyrolysis  of  azobenzene 
under  the  above  conditions  did  not  show  any  formation  of  3. 

Increasing  the  pyrolysis  temperature  to  980°C  resulted  in  a  s:gnificant 
change  in  the  composition  of  the  pyrolysis  products,  as  shown  in  Fig.  2.  The 
relative  amounts  of  the  single  products  were  shifted  in  favour  of  the 
unimolecularly  formed  product  6,  reflecting  a  decreased  lifetime  of  4,  as  a 
consequence  of  the  increased  pyrolysis  temperature. 

The  above  results  unambiguously  demonstrate  the  possibility  of  direct 
participation  of  the  surface  in  the  formation  of  pyrolysis  products.  There¬ 
fore,  it  is  strongly  emphasized  that  the  actual  nature  of  the  hot  reactor 
surface  must  be  known  in  order  to  rationalize  pyrolysis  results  properly. 
Especially  when  pyrolysis  results  obtained  with  different  pyrolysis  equipment 
are  to  be  compared,  it  should  be  taken  into-  account  that  even  minor 
differences  in  surface  composition  may  lead  to  an  apparent  irreproducibility. 
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Gas-phase  Thermolysis  of  a  Thioketen-S-Oxide  12 

By  tars  CaHsan  *  and  Halga  Egsgaard.  Ris*  National  Laboratory,  OK— 4000  Roskildt.  Oanmark 

Ernst  Schiumtnn.  Insotut  fur  Orgamsche  Chemit  und  Btochemi*.  dar  Umvarsitat  Hamburg.  0-2000  Ham¬ 
burg.  t3.  Martin-Luthar-King-PfatZ  6.  Fadaraf  Republic  of  Germany 

The  ummolacular  gas-phase  thirmolytic  decomposition  of  1. 1. 3.3 -tetramathyi- 2 -thiocarbonylcyclohexane  S-oxide 
(3)  has  bean  studied  as  a  function  of  temperature  by  a  flash  vacuum  thermolysis  (f.v.t.)  technique  The  products 
detected  are  thecarbenes  (4)  and  (S).  the  ketone  (6),  the  keten  (7).  the  thioketone  (8).  and  thethioketen  (9).  The 
product  ratio  is  highly  dependent  on  the  thermolysis  temperature.  The  thermolysis  of  (3)  is  mechanistically 
rationalized  by  assuming  the  existence  of  only  two  concurrent  primary  processes,  which  are  (a)  extrusion  ol  atomic 
oxygen,  leading  to  the  thiokeien  (9).  and  (b)  eleci/ocycJic  ring  closure  into  the  corresponding  three-memoered 
oxathiiran  (10).  The  latter  is  dominant  at  lower  temperatures,  whereas  higher  thermolysis  temperatures  favour 
atomic  oxygen  extrusion.  At  further  elevated  temperatures  additional  concurrent  primary  reactions,  /.e.  extrusions 
of  SO  and  CSO  leading  to  the  carbenes  (5)  and  (4).  respectively,  are  observed.  Owing  to  an  apparently  very  short 
half-life  of  the  oxathnran  (10).  only  the  decomoosihon  products  of  the  three-memoered  ring  compound  have  been 
detected.  These  are  the  thioketone  (8).  formed  bv  rearrangement  of  (10)  into  the  s-thiololactone  (11)  followed  by 
loss  of  CO.  minor  amounts  of  the  ketone  (6),  formed  analogously,  and  the  keten  (7).  as  a  result  of  simple  sulphur 
extrusion. 


In  connection  with  our  continuing  interest  in  the  thermal 
and  photolytical  transformations  of  thiocarbonyl  5- 
oxides  (suiphines),  we  previously  reported  the  electro- 
cyclic  nng  closure  of  thiobenzophenone  S-oxides  (1)  into 


av  •'  a  -  / 

Ph*C=S 

p/\ 

(1 ) 

(2) 

the  corresponding  3.3-diaryloxathiirans  /2).  as  a  ther¬ 
mally  1  as  well  as  a  photoiytically  u  induced  reaction. 
However,  we  found  oxathiirans  to  be  thermaUv  highly 
uj  'c  compounds.3'*  which  at  room  temperature  rapidly 
decompose  into  the  corresponding  ketones  and  elemental 
sulphur. 

In  contrast  to  this  we  found  that  thioketen  S-oxides 
arc  deoxygenized  photolytically,  presumably  by  reaction 
between  the  excited  thioketen  S-oxide  molecule  and  the 
solvent.7  The  resulting  thioketen  was  detected  in  95% 
yield  together  with  only  vanishingly  small  amounts 
(<3%)  of  the  keten.  On  this  basis  we  concluded  that 


the  possible  formation  of  a  methyleneoxathiiran  does  not 
play  any  major  role  in  the  photolysis  of  thioketen  S- 
oxides. 

In  this  paper  we  report  results  on  the  gas- phase 


thermolysis  of  1.1.3.3-tetramethyl-2-thiocarbonylcyclo- 
hexane  S-oxide  (3).1-*  which  at  room  temperature  is  a 
thermally  stable  thioketen  S-oxide.  We  have  investi¬ 
gated  the  thermal  decomposition  of  (3)  in  an  attempt  to 
study  possible  nng  closure  to  the  methyleneoxathiiran 
and/or  thioketen  formation  as  a  result  of  extrusion  of 
atomic  oxygen,  analogous  to  the  above  mentioned  photo- 
deoxygenation.7 

The  thermolysis  of  (3)  was  studied  by  a  flash  v  acuum 
thermolvtic  (f.v.t)  procedure  •  which  secures  detection  of 


(3) 


ummoiecularly  formed  products  alone  and  predomin¬ 
antly.  only  primary  thermolysis  products- 

EXPERIMENTAL 

The  thioketen  5-oxide  (3)  was  prepared  by  peracid 
oxidation  of  the  corresponding  thioketen.  as  described 
previously  * 

FYosA  Vacuum  Tkermolysu  Technique  * — The  f  v  t. 
technique  is  based  on  the  direct  combination  of  a  ther¬ 
molysis  unit  with  a  double  focusing  mass  spectrometer  with 
a  field  ion  source.  The  thermolvsis  unit  is  constructed  as  a 
modification  of  the  Pye-Unicam  PV4000  pre-column- 
pyrolysis  system,  which  is  based  on  the  Curie  point  prin¬ 
ciple.  i  t.  high  frequency  inductive  heating  in  ferromagnetic 
materials.  The  thermolysis  unit  is  connected  directly  to  the 
ion  source  of  the  mass  spectrometer  via  a  heated  line-of-sight 
inlet  system. 

Samples  (ca  50  fig)  of  the  pure  compound  were  introduced 
(microsvnnge)  into  the  reactor  via  a  heated  injection  block. 
The  contact  time  in  the  hot  zone  has  been  estimated  to  be 
ca.  ](T*— 10-4  s.*  /ullfilling  the  contact  time  requirement  tor 
f  v  t  equipment.1*  Because  of  the  geometry  of  the  system 
thermolysis  products  with  half-lives  <  ca  10'*  s  are  assumed 
to  escape  detection.*  The  internal  geometry  of  the  reactor 
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(/  40  mm.  i  d.  2  mm)  combinod  with  the  low  pressure  (ca. 
10'*  Torr)  assure  a  very  low  frequency  of  intermolecular 
collisions  relative  to  the  molecule-hot  surface  collision  fre¬ 
quency.  i.e.  only  uni  molecular  reactions  take  place. 

The  mass  spectra  were  recorded  on  a  Van  an  MAT  CH  5D 
instrument  (the  magnetic  sector  preceeding  the  electric 
sector)  equipped  with  a  combined  electron  impact  lomx- 
ation-held  ionization-field  desorption  ion  source.  The  held 
ion  emitter  was  a  10  pm  tungsten  wire  activated  in  benzo- 
oitrile  vapour.  The  maintenance  of  the  vacuum  in  the 
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elucidated  io  Figure  1,  depicting  the  field  ionization  and  70 
eV  electron  impact  mass  spectra  of  the  thioketen  5 -oxide  (3). 

Further  structural  information  on  the  reaction  products 
may  be  obtained  by  the  additional  recording  of  the  c.a. 
spectra  of  the  single  field  ionized  molecules.”  as  the  col¬ 
lision  of  field  ionized  molecules  of  high  kinetic  energy  with 
neutral  target  atoms  («./.  He)  is  known  to  give  rise  to  a  large 
variety  of  fragments.  In  general  these  types  of  frag¬ 
mentations  resemble  those  formed  under  normal  70  eV 
electron  impact  conditions.”  Furthermore,  in  cases  of 


Ficoat  1  Vtc:4  tonixaii-’n  («  *nd  el«c*ron  impact  ionization  (b)  rtass  spectra  of  l.l.3.3-tetrametfiyl-2-tliiocar6oaylcycJoh«rxaae 

5 -oxide 


system  is  based  on  differential  pumping  of  tlie  ion  source, 
anaivser  tube,  and  the  electric  sector.  Pumping  speed  was 
3  x  150  l  s». 

Collision  activation  (c.a.)  spectra  were  obtained  by  intro¬ 
ducing  helium  as  the  collision  gas  t/ia  a  needle  valve  into  the 
second  field  free  region  between  the  magnetic  and  electric 
sector  of  the  mass  spectrometer.  The  collision  gas  was 
admitted  as  a  molecular  gas  beam  focused  on  the  ion  beam 
just  behind  the  intermediate  focus  slit  Appropriate  ad¬ 
justment  of  the  magnetic  field  secures  passage  of  only  the 
desired  ion  through  this  slit.  The  c.a.  spectra  of  the  single 
ions  were  then  obtained  by  scanning  the  electric  field. 

Owing  to  the  relatively  fast  evaporation  of  the  samples  in 
the  injection  block  (5—10  s)  the  mass  spectra  were  recorded 
with  a  scan  rate  of  50 — 100  a.u.  s'1  (signal ;  noise  >  I  000). 
and  the  c.a.  spectra  within  5  s  (signal :  noise  ca.  50). 

Tbe  paramount  advantage  of  the  use  of  field  ionization 
mass  spectrometry  as  a  detection  system  is  to  be  sought  for 
in  the  field  ionization  principle.11  Since  field  ionization 
takes  place  with  no  excess  energy,  excluding  polarization  by 
the  electric  field,  to  the  neutral  molecule,1*4  it  gives  rise  to 
molecular  ions,  even  of  very  unstable  substances,  accom¬ 
panied  only  by  few.  if  any,  fragment  ions,  in  general  of  low 
intensity  In  contrast  electron  impact  mas* 

spectrometry  may  produce  very  complicated  electron  im¬ 
pact-induced  fragmentation  patterns;  this  mav  be  further 
confusing  in  cases  where  they  are  to  be  described  as  super¬ 
positions  of  electron  impact  mass  spectra  of  several,  often 
unknown,  thermolysis  products.  This  difference  is  clearly 


stable  reaction  products  a  direct  comparison  of  the  c.a. 
spectra  with  those  of  authentic  samples  can  be  carried  out. 

RESULTS 

A  priori,  a  variety  of  products  can  be  expected  by  ther- 
molvtic  decomposition  of  (3) :  the  carbenes  (4)  and  (5),  with 
molecular  ions  of  138  and  150.  respectively,  the  ketone  (6) 
(M  154).  the  keten  (7)  (Af  166).  the  thioketone  (8)  (Af  I70|. 
the  thioketen  (9)  [At  182).  and  the  oxathuran  (10)  (Af  198). 
together  with  unchanged  starting  matena)  (3)  (Af  198). 


(4)  (5)  (6>  (7) 


(8)  (9)  (10) 


A  wide  range  of  ferromagnetic  materials  with  Cune  points 
from  room  temperature  to  ca.  1  400  K  are  readily  available. 
We  have  studied  the  thermolytic  decomposition  of  (3)  at  sue 
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temperatures  in  the  423 — l  043  K  range.  The  field  ioniz- 
aoon  mass  spectra  obtained  following  thermolysis  at  these 
six  temperatures  are  depicted  in  Figure  2. 

The  spectra  can  be  assigned  to  mixtures  of  compounds 
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It  is  not  possible  to  calculate  the  yields  of  the  single 
species  directly  from  the  field  ionization  mass  spectra,  as  the 
individual  compounds  may  exhibit  rather  diflerent  sen¬ 
sitivities.11  However,  by  scanning  mixtures  of  compounds 


Relative  yields,  expressed  as  mole  fractions,  of  compounds  (3)— (9)  as  a  function  of  thermolysis  temperature  • 


Compound  F  * 

(31  0  80.013 

(41  0.90 . 0.1?  * 

(5)  0  90  *  0.17  4 

(6)  1.13-0  13 

(71  2  85  *  0.34 

(8)  1.35  *  0.14 

(9)  0.87  ±  0.08 


423  631 

100  1.00  0.11 

<001  <0.01  <001 

<0  01  <0  01  <0  01 
<0  01  <0  01  0  01 

<001  <0.01  0.18 

<0  01  <0.01  0  27 

<001  <0  01  0.42 


•  Yields  are  corrected  for  the  amount  of  impurities  present  i 
weight  sensitivity)  u  the  value  by  which  the  actual  observed 
corresponding  to  the  signal.  4  F(4)  assumed  to  be  equal  to  F(S). 
of  (9)  (see  Figure  3). 


Thermolysis  temperature  (K) 


753 

*  0.02 


*  0001 
=  0  04 

*  0  03 

*  0  04 


783 

0  03  -  0  003 
<0  01 
<001 

0  01  *  0  001 
0  15  =  0  03 
0  16*  0  02 
0.84  x  0  06 


883 

0  04  *  0  005 
0  01  x  0  002 

0  01  x  0  006 
0  01  x  0  001 
0  13  x  0  03 
<001  “ 

0.78  *  0  07 


1  043 

0  01  x  0  002 

0  03  x  0  r»06 

0  42  x  0  08 
<0  01 
0  J  7  *  0  03 
<0  01  “ 

0.37  *  0  03 


n  the  starting  material.  »  The  F  factor  (reciprocal  field  ionization 
peak  height  must  be  multiDiied  to  give  the  amount  of  substance 
4  F(5)  calculated  indirectly  from  the  partial  thermal  decomposition 


(8) — (9).  It  should  be  noted  that  the  isotopic  patterns  may 
give  valuable  information,  e  g  compounds  (5) — (7)  have 
evidently  eliminated  sulphur,  since  only  jostopic  dusters 
corresponding  to  “C  and  l*0  are  seen,  whereas  the  charac¬ 
teristic  **S  isotopic  peaks  are  lacking  Furthermore,  the 
identity  o<  (8)  and  (9)  was  confirmed  by  comparison  of  the 


(6) — (9)  using  varying  mutual  ratios,  the  individual  relative 
weight  sensitivities  were  calculated  (see  Table)  The 
sensitivity  of  the  vinyhdene  car  bene  (5)  was  calculated  in¬ 
directly  as  1.J1.  based  on  the  partial  decomposition  of  the 
thioketen  (9)  at  1  043  K  (Figure  3b)  We  further  assumed 
the  sensitivity  of  the  carbene  (4)  to  be  equal  to  that  of  (5) 


Fiouxg  2  Field  ionization  muj  ipectra  of  1.1.3.3-tetrametbvl  2-thiocarbonvlcvclohexane  S-oxide  following  therm-'lvsis  al 
(a)  423.  jb)  631,  (c)  753.  ,d)  783.  (cl  883.  and  |f)  1  043  K 


<0 


166| 

131  151.  I 


ill 


c.a.  spec&a  of  the  single  fieid  ionized  molecules  with  those 
obtained  from  authentic  samples  “  Unfortunately,  it  is 
not  possible  to  detect  small  inorganic  fragments,  owing  to 
the  very  low  field  ionization  weight  sensitivity  of  these 
compounds." 

•  Furthermore,  the  geometry  of  the  ion  source  may  play  an 
important  role  (see  ref.  115). 


As  seen  from  Figure  la  the  thioketen  S-oxide  (3)  con¬ 
tained  minor  amounts  of  (7) — (9)  as  impurities.  Equal 
amounts  of  these  compounds  are  detected  upon  thermolysis 
at  423  and  631  K  (Figures  2a  and  b)  indicating  that  no  de¬ 
composition  takes  place  at  these  temperatures.  Using  the 
relative  field  ionization  weight  sensitivities  we  calculated  the 
relative  yields  of  the  individual  compounds  formed  at 
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higher  temperatures,  expressed  as  mole  fractions,  corrected 
for  the  initial  content  of  impurities  in  the  starting  material. 
The  results  are  given  in  the  Table. 


(«> 

n>j 

582 

550. 

182 

| 

tso 

L 

_L 

150  ISO  IS)  500 


mil 

Ft cusc  3  Field  ionisation  mss*  spectra  of  1.1,3  3-tetramethvl- 
2-tl»ocarbonv)cyclohexajic  following  thermolysis  at  {a)  883 
and  (b)  1  043  K 

DISCUSSION 

Easiest  to  explain  is  the  formation  of  the  carbenes  (4) 
and  (5).  which  apparently  are  generated  by  simple 
ruptures  of  the  C=C  and  C=S  bonds,  respectively.  Un¬ 
fortunately.  as  mentioned  above,  field  ionization  suffers 
by  the  inability  to  detect  small  inorganic  iragments.  e  g 
CSC  and  SO. 


(S) 


The  formation  of  the  vmylidene  carbene  (5)  takes  place 
at  a  markedly  lower  temperature  than  that  of  (4)  in 
agreement  with  a  lower  OS  bond  energy  relative  to  that 
of  the  C=C  bond  •  Furthermore,  it  should  be  noted  that 
the  high  yield  of  the  carbene  (5)  found  by  thermolysmg 
(3)  at  1  043  K  (Table i  may  originate  from  two  sources,  as 
the  thiokeien  (9)  at  1  043  K  extrudes  suiphur  in  hi»h 
yield  (Figure  3b).  However,  almost  no  sulphur  extru¬ 
sion  from  (9)  was  observed  for  thermolysis  at  883  K 
(Figure  3a).  Based  on  the  field  ionization  mass  spectra 
depicted  in  Figures  2f  and  3b  we  have  estimated  the 
extent  of  further  thermolysis  of  (9)  to  be  <!•“%  On 
the  other  hand,  it  is  generally  believed  “-14  that  the  very 
short  contact  times  [ca.  10*1 — 10*4  s)  assure  detection 

•  £«iC=<l  6U. 2  kj  mol**  (c*J-but-2-«ne  R.  W  Alder.  R. 
Baker,  and  J  M-  Brown.  'Mechanism  in  Organic  Chemistry,' 
Wdey  London.  1971.  p  7 .  540  0  kj  mol"*  ('  Thjo- 

fomaldehyde.’  S  W.  Beoson.  Cktm.  Rtv..  1978,  78,  23). 
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only  of  the  primary  products.  Thus,  we  tentatively 
suggest  that  the  major  part  of  (5)  originates  directly  from 
the  5-oxide  (3).  Finally,  it  should  be  mentioned  that  the 
thioketen  (9)  is  the  only  product  found  to  undergo  further 
thermolysis  within  the  temperature  range  studied. 

It  should  be  noted  that  although  we  describe  the 
products  (4)  and  (5)  as  carbenes  here  they  may  well  be 
isomeric  structures,  as  e.g.  (5)  can  undergo  an  easy  intra¬ 
molecular  insertion  reaction.15  Nevertheless,  we  find 
support  for  the  carbene  structure  by  studying  the  relative 
field  iomzauon  weight  sensitivities  (Table),  which  are 
found  to  be  comparable  for  the  ketone  (6)  and  the 
carbenes.  Since  compounds  with  non-bonding  electrons 
in  general  exhibit  much  higher  weight  sensitivities  than 
pure  hydrocarbons.11* 

—  dy 

f  s  r 

Additionally,  it  can  be  noted  that  the  carbene  (5) 
when  generated  :n  solution,  does  not  undergo  intramole¬ 
cular  insertion.11* 

Surprisingly  the  major  product  from  the  gas-phase 
thermolysis  of  (3)  in  the  temperature  range  7C3 — 333  K  is 


(3)  (9) 


the  corresponding  thioketen  (9).  apparently  formed  by 
simple  extrusion  of  atomic  oxygen.  Some  reports  on 
atomic  oxygen  extrusion  have  appeared,  e  g.  it  is  well 
known  that  pyridine  .V -oxide  in  the  gas  phase  is  photo- 
lytically  deoxygenized.14  Several  other  thermal  and 
photolyuc  reactions,  in  the  gas  phase  as  well  as  in 
solution,  could  also  be  explained  by  atomic  oxygen 
extrusion.'- 11  However,  in  these  cases  the  reactions  were 
earned  out  under  circumstances  where  it  was  not  possible 
to  exclude  bimolecular  reactions.  To  our  knowledge  the 
reaction  reported  here  is  the  first  example  of  a  thermally 
induced  unimolecular  atomic  oxygen  extrusion  irom  an 
organic  S-oxide.1  The  apparently  large  decrease  m  the 
yield  of  (9)  by  changing  the  thermolysis  temperature 
from  833  to  1  043  K  (Table)  is  explained  by  the  occur¬ 
ence  ot  the  concurrent  SO  extrusion  reaction,  leading  to 

the  carbene  (5). 

Since  none  of  the  products  (6) — (8)  can  be  formed  by 
simple  bond  rupture  mechanisms,  we  formulate,  by 
analogy  with  the  thermal  decomposition  of  thioketone  S- 
oxides.*-1*  a  primary  ring  closure  into  the  methylene- 
oxathiiran  (10).  However,  oxathiirans  are,  as  mentioned 
previously,  thermally  highly  labile  compounds.*"4  e  g. 
the  decomposition  of  3,3-diphenyloxathiiran  has  been 
studied  by  a  flash  photolytic  study  of  diarylsulphines.4 
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the  half-life  being  estimated  to  1.3  x  10**  s  (in  aceto¬ 
nitrile  at  room  temperature).  The  diary loxathiirans 
decompose  quantitatively  into  the  corresponding  ketones 
and  elemental  sulphur  upon  thermolysis.*"*  With  this 


(3)  (10) 


background  the  formation  of  the  keten  (7)  is  easily 
explained  by  sulphur  extrusion  from  the  oxathiiran 
(10).  On  the  other  hand,  it  has  also  been  reported  that 
oxathiirans  may  rearrange  into  the  corresponding 
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structure  (12)  have,  to  our  knowledge,  appeared,  but  by 
analogy  with  the  decomposition  of  (II)  we  tentatively 
assume  that  (12)  either  spontaneously  rearranges  into  (11) 
or  extrudes  carbon  monosulphide  to  form  the  ketone 
(6).J  In  recent  reports  on  oxathiiran  rearrangements  *,1J 
migration  to  sulphur  is  found  to  be  predominant  relative 
to  migration  to  oxygen,  in  excellent  agreement  with  the 
very  low  yield  of  the  ketone  (6)  and  the  much  higher 
yield  of  the  corresponding  thioketone  (8),  the  former 
tentatively  being  described  as  a  Tesult  of  migration  to 
oxygen. 

In  summary  we  rationalize  the  oxathiiran  decom¬ 
position  as  in  the  Scheme. 

Taking  the  sum  of  the  yields  of  (6) — (8)  (see  Table)  as 
an  expression  of  the  total  amount  of  primarily  formed 


(12)  (6) 
Scheme 


thio-esters.4-11  In  the  present  case,  with  a  methvlene- 
oxathiiran  such  as  (10).  this  rearrangement  would  cause 
formation  of  cyclic  esters.  «-thio!olactones.  and/or  *- 
thionoiactones.  Recently  Schaumann  and  Behrens ,J* 
reported  the  s-thiololactone  (11)  as  the  product  from  the 
nitrone  oxidation  of  the  thioketen  (9).  The  compound 
was  found  to  be  thermally  unstable,  decomposing  at 
348  K  (tetrachloromethanel  entirely  to  the  thioketone 
(8)  and  carbon  monoxide. We  have  studied  the  gas- 
phase  thermolvsis  of  (11)  at  different  temperatures. 
The  compound  was  highly  labile  under  these  conditions, 
decomposing  even  at  the  lowest  possible  thermolysis 
temperature.  423  K,  completely  into  a  mixture  of  the 
thioketone  (8),  formed  by  CO  extrusion,  and  the  keten 
(7).  apparently  generated  by  loss  of  elemental  sulphur.*  ! 
However,  no  reports  on  the  isomeric  a-thionolactone 

•  423  K  corresponds  to  the  temperature  ol  the  heated  Iine-of- 
sifftt  inlet  system,  t  *■  complete  thermal  decomposition  of 
possible  formed  •- thioloiactone  (11)  can  be  expected. 


oxathiiran  (10).  it  can  be  seen  that  the  two  concurrent 
primary  reactions,  atomic  oxygen  extrusion  and  oxa- 
thnran  formation,  both  proceed  to  an  almost  equal 
extent  at  753  K.  An  increase  of  the  thermolysis  tem¬ 
perature  results  in  an  increase  in  atomic  oxygen  extru¬ 
sion  with  an  equivalent  simultaneous  decrease  in 
oxathiiran  formation.  However,  the  tormation  of  the 
vinyiidene  carbene  (5)  at  1  043  K  should  be  taken  into 
account  in  order  to  maintain  the  overall  (9)  :  1 10)  ratio 
(Figure  4).  These  variations  may  be  described  as  a 
reflection  of  the  concurrence  of  kineticallv  controlled 
oxathiiran  formation  and  thermodynamically  controlled 
extrusion  of  atomic  oxygen. 

Similarly  the  decomposition  of  the  oxathiiran  (10) 

f  Some  temperature  effects  on  the  thioketone  keten  ratio  are 
found  the  overall  result,  however,  it  independent  ol  the  ther¬ 
molysis  temperature. 

*  A  theoretical  investigation  on  the  potential  energy  surlaee 
of  the  possible  ■•thiololacione— *-thionoiactone  mterconversinn  is 
in  progress  (L.  C arisen,  to  be  published! 
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may  b<  expressed  in  terms  of  kinetically  versus  thermo¬ 
dynamically  controlled  processes,  the  former  leading 
to  (8)  {found  to  be  present  only  for  thermolysis  at  753 
and  783  K  (Table)]  via  the  strained  three-membered  ring 


;/k 

Figure  4  Molar  fraction*  (normalised)  of  oxatlmran  (10)  (5) 
and  thioketen  I9|  (Q)  as  a  lunction  ot  thermolysis  temperature. 
The  point  X  corresponds  to  the  th«-oretical  amount  ol  thio¬ 
keten  taking  the  amount  ol  cardcnc  |5)  into  account 

(II).  the  latter  to  the  sulphur -extrusion  product,  the 
keten  (7). 

Conclusions. — The  gas-phase  thermolytic  decompo¬ 
sition  of  the  tluoketen  S-oxide  (3)  affords  a  variety  of 
products.  The  product  ratios,  which  are  highly  de¬ 
pendent  on  the  thermolysis  temperature,  can.  however, 
be  rationalized  by  the  existence  of  only  two  concurrent 
primary  processes  (a)  extr-sion  oi  atomic  oxygen,  where¬ 
by  the  tluoketen  (9)  is  formed,  and  (bi  eJectrocytiic  ring 
closure  to  the  methyleneoxathuran  llO),  the  latter  being 
followed  by  several  consecutive  concurrent  reactions 
leading  to  the  compounds  (6\  —  ‘8).  At  higher  tem¬ 
peratures  further  corn.'-'-ent  primary  r-?a>.*.ons  must  be 
taken  into  account,  x.t  the  formation  of  the  carbenes 
(4)  and  (5)  by  simple  bond  rupture  mechanisms. 
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We  are  indebted  to  Mrs.  J.  Funck  for  her  careful  pre¬ 
paration  of  the  drawings. 

[9/1106  Received.  23ri  July.  1979] 
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Gas-phase  Thermolyses.  Part  3.'  Gas-phase  Thermolysis  of  Siiylated 
Thionocarboxylic  Acid  Derivatives:  a  Route  to  Thioketens? 

By  Lari  Carlsan  *  and  H«lga<£gsgaard.  Chamistry  Department.  Rise  National  Laboratory.  DK-4000  Roskilde. 
Dtnmtrk 

Ernit  Schaumann."  Herbarr  Mrotzek.  and  VVolf-Riidiger  Klein.  Insntut  fur  Orgamseha  Chemie  und 
Biocnemie  der  Universal  Hamourg.  0-2000  Hamburg  13.  Martin -LutMf- King -Pfatz  6.  Federal  Repuoiic  of 
Germany 

The  unimolecular  gas- phase  thermolyiic  decomposition  of  three  silylaud  thionocarDoxvlic  acid  derivatives  (2b>. 
(3).  and  (8)  have  oeen  studied  by  trie  flash  vacuum  thermoiysis~f>eid  ionization  mass  spectrometry  techmaue  m  ine 
temperature  range  from  783  to  1  404  K  m  order  to  elucidate  its  possiole  applicability  as  a  route  to  thioketens.  Only 
very  minor  amounts  of  the  expected  thioketens  were  found,  wnereas  the  corresponding  ketens  were  obtained  as  the 
major  products.  A  possible  mechanism  for  keten  formation  is  discussed. 


The  3-elimination  of  hydrogen  chloride  from  acyl 
chlorides  containing  an  a-hvdrogen  atom  is  perhaps  the 
most  important  synthetic  pathway  to  ketens.*  The 
possible  corresponding  formation  of  thioketens  from 
thioacyl  chlorides  can.  however,  be  applied  only  in 
exceptional  cases.*-4  Alternatively,  thionocarboxylic 


carboxylic  acid  silyl  esters  are  found  to  be  ca.  62  kj 
mol'1  more  stable  than  the  corresponding  thiolo  com¬ 
pounds.*  Hence,  the  thermodynanucailv  unfavourable 
thiono  to  thtolo  rearrangement  together  with  the 
known  readv  elimination  of  siiyi  ethers  from  siiylated 
carboxylic  acid  derivatives.4  suggest  the  use  of  siiylated 
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esters  may  be  expected  to  yield  thioketens  upon  thermo¬ 
lysis  However,  this  method  may  be  of  limited  value, 
since  a  competing  reaction  analogous  to  the  Chapman 
rearrangement  ts  expected  to  lead  to  thiolocarboxyiate 
esters  *  rather  than  alcohol  elimination.  Thus,  to 
our  knowledge  only  one  example  of  tlnoketcn  formation 
from  a  thionoester  has  been  reported.4  the  thioketen 
being  isolated  as  its  dimer. 

In  contrast  to  alkyl  thionocarboxylates  thiono- 


S* 

I 

IV.  H,U,.  v.  CryI  or  Mn«",  vi.  SOU,,  vti.  MeC=NSiMe, 

thiocarboxvhc  acid  derivatives  as  thioketen  precursors 
In  this  paper  we  report  on  the  gas-phase  thermolyses 
of  three  siiylated  thionocarboxylic  acid  derivatives  in 
order  to  study  the  possible  formation  of  thioketens 
The  starting  materials  (2b).  {31,  and  (8)  (see  Scheme  I) 
have  been  chosen  so  as  to  provide  stencally  stabilized 
products,  which  would  facilitate  subsequent  preparative 
operations. 

The  thionoester  (2a)  was  synthesized  by  reaction  of  the 
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acyl  chlonde  (la)  with  a  dithioearbamidate  followed  by 
silyUtion  of  the  intermediate  by  chiorotrimethylsiiane 
as  reported  by  Kncheldorf  and  Leppert.*  The  stencaUv 
highly  hindered  ester  (2b)  was  prepared  by  a  reaction  of 
(lb)  with  the  anion  of  .V-tnmethylsilylthioacetamide, 
adopting  the  method  of  Luke.1®  The  thionoester  (2a) 


at  C-2.  Similarly,  more  than  three  methyl  signals  and 
two  signals  for  2-H  are  observed  for  compounds  (7)  and 
(8).  The  carboxylic  acid  (6)  apparently  exists 
exclusively  as  a  single  com'ormer.  However,  the  very 
small  difference  expected  in  the  *J  coupling  between  exo- 
2-H  and  exo-6-H,  and  endo- 2-H  and  anii-l-H.  respectively 
(see  exo-  and  end'o-2-fenchoi  u).  unfortunately  affords  no 
possibilities  for  the  determination  of  the  actual  configur¬ 
ation. 

Gas-phase  Thermoiyses  Of  (2b).  (3),  and  (8)  — The 
ummolecuiar  gas-phase  thermolytic  decomposition  of 
the  siivlated  thionocarboxylic  acid  denvatives  (2b).  ; 3) . 
and  (8)  were  studied  by  the  flash  vacuum  thenr.oivsis- 
field  ionization  mass  spectrometry  (f.v  t.-f.i  m  s.)  tecn- 
mque  14,14  (see  Expenmental  section)  in  the  temperature 
range  from  783  to  1  404  K.  Field  ionization  is  known 
to  give  intense  molecular  ions  and  little  fragmentation.14 

In  Figures  la  and  2a  the  f.i.m.s.  spectra  obtained  from 
the  thermolysis  at  1  043  K  of  compounds  (3)  and  (8). 
respectively,  are  shown.  At  this  temperature  the 
compounds  are  almost  completely  decomposed.  Lower¬ 
ing  the  thermolysis  temperature  to  783  K  did  not  change 


Figure  l  Field  lomration  mai  ipectr*  obtained  alter  7  -ci  not* 

thermolyv*  oi  ,3}  it  1  04J  K  (ai  and  l  404  K  tb'  j 

could  be  reacted  further  with  lithium  di-isc  propyl-  ]  i 

amine  and  chiorotrimethylsiiane  to  the  keten  OS -  ijQ 

acetal  i3)  A  similar  conversion  was  not  observed  in  the  .  | 

case  of  (2bi.  1  |  :  _  ,S4 

The  precursor  (7)  to  the  thionoester  :8)  was  prepared 
from  homofenchene  ,4)  by  a  procedure  similar  co  that  .  j  j 

reported  for  the  synthesis  of  2-t-bucvl-3.3-dimethyi-  -i  j  <  ^  '«o 

butvryl  chloride.11  By  using  KMnO,  in  the  presence  of  iv  •  1  i  I  1 

tetra-n-but  .lammomum  bromide  11  in  the  oxidation  of  i  il-^i  i  I  .  1.  ■ _ ! 

5:  to  16)  instead  of  chromium  tnoxtde  the  yield  couid  be  so  >oo  iso  :eo  :so  >oo 

raised  from  43  to  73%.  The  Anal  silylatiun  of  (7)  into 

i  Si  was  performed  as  mentioned  above  using  the  metal-  Figur*  2  Field  ion  nation  maxi  jpectra  obtained  *(ter 

Uttd  A'  tnmethvisiivlthioacetamide  rta?«u  th.rn.oi™.  oi  Hi  ..  I  otj  K  tu  .od  l  .04  K  ,b| 

Compounds  (5) — *8)  can  exist  as  exo-  and/or  endo.  the  composition  of  the  product  mixture,  but  only  the 
coniormers.  The  primary  alcohol  (5)  exhibits  two  sets  relative  yields.  Also  the  absolute  yields  are  changed, 


of  three  methyl  lH  n.m.r.  signals,  which  strongiv  as  ca  95%  of  the  starting  materials  were  recovered, 
suggests  the  presence  of  both  possible  conngurations  The  spectrum  depicted  in  Figure  la  exmbits  two 
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peaks  at  mig  17<i  and  98.  The  compound  responsible  for 
the  latter  peak  evidently  does  not  contain  sulphur, 
since  only  an  isotopic  cluster  corresponding  to  l3C  and 
l*0  is  seen,  whereas  the  characteristic  MS  isotopic  peak 
is  lacking.  The  isotopic  cluster  surrounding  the  peak 

Bu'CH=C 

\ 

OSM*j 

(3)  l  H  27$) 

i»i  HOOK) 


BusCH  =  C=sO  .  Me^S.  -S- SiM*j 

(9)(«98)  (10)  (X  178) 

Scheme  2 

of  mie  178  is  consistent  with  the  presence  of  two  tnme- 
thylsiiyl  groups  and  one  sulphur  atom,  as  the  relative 
intensities  of  the  peaks  of  mie  1T3/IT9*  180/ 131  were 
found  and  calculated  to  be  100,0  19  0.12.0  02  and 
1.00/0. l8;0.I3/0. 02.  respectively.  On  this  basis  the 
thermolysis  of  (3)  is  then  formulated  as  in  Scheme  2. 

An  analogous  analysis  of  the  spectrum  depicted  in 
Figure  2a  leads  to  the  conclusion  that  compound  /S' 
upon  thermolysis  decomposes  into  the  keten  (111  and 
trimethylsilanethiol  (121.  Additionally  a  product 
exhibiting  a  molecular  ion  at  m,«  138.  which  mav  be 
assigned  to  carbene  (131  or  an  isomeric  species.  ks  formed 
(Scheme  2'. 

In  contrast  to  these  very  simple  fragmentation 
reactions  compound  (2b)  exhibits  a  rattier  ccmp.icatea 


1550 

Changing  the  thermolysis  temperature  to  l  404  K, 
in  the  case  of  (2bl,  did  not  give  nse  to  anv  new  product 
formation,  but  caused  only  a  change  in  trie  relative 
composition  of  the  product  mixture.  For  compounds 
(3)  and  (8).  however,  small  changes  are  observed  by 
elevating  the  thermolysis  temperature,  as  new  sets  oi 
peaks  are  developed  in  the  1:  m.s.  spectra  obtained 
following  thermolysis  at  1  404  K  {Figures  lb  and  2M. 
In  both  cases  appearance  of  the  n*»w  peaks  can  be 
rationalized  as  the  result  of  competing  tlvioketcn  form¬ 
ation.  [n  the  case  of  (8)  the  hig..er  temperature  aUo 


111 Utt  160  02X  *  '06  )  (tj){  H  13 S i 


Scheme 3 

resulted  :n  the  appearance  of  a  vanetv  of  new  peaks  of 
lew  intensity,  caused  bv  more  p-onounc-’i  dern'icja:.  m 
ot  the  car con  sxeieton,  probably  similar  to  the  themo'.y- 
t:c  pathways  observed  for  (2bi  (scheme  5i. 
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Me  j Si  -  5H 
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decomposition  pattern.  The  product  mixture  consists 
oi  the  three  possible  ketens  (l4>  and  the  three  possible 
carbenes  (15)  together  with  t-butvi  and  s-proovl  radicals, 
methvlpropene  and  propene  as  products  of  consecutive 
radical  decomposition,  and  the  thiol  (12).  However,  no 
indication  of  any  thioketen  formation  was  found  (Scheme 
4). 


It  should  be  noted  that  it  is  not  possible  to  calculate 
the  yields  of  the  single  species  directlv  from  the  f  i  m.s 
spectra,  as  the  single  compounds  mav  exhibit  rather 
different  field  ionization  sensitivities  14  However,  as 
the  ketens  and  thioketens  probably  exhibit  comparable 
sensitivities.14  it  is  obvious  that  only  very  minor  amounts 
of  the  thioketens  are  formed. 
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DISCUSSION 

The  elimination  of  tnmcthylsil&nethial  (12)  from  (2b) 
or  (8)  and  of  bistnmethylsiiyl  sulphide  (10)  from  (3)  to 
give  ketens  is  in  apparent  contrast  to  the  relative 
strengths  of  Si~3  and  Si-0  bonds.7  Moreover,  (2b) 


J.C.S.  Perkin  II 

steric  effect  may  also  favour  transition  states  like  (21) 
incorporating  sulphur,  as  the  larger  size  of  sulphur 
compared  with  oxygen  w\U  diminish  strain  in  the  four- 
membered  ring. 

The  reactivity  of  sulphur  in  four-centre  transition 


8u*CH=/  M£*im  9u.CH=Cs=5 
OSiMtj 

(3)(*  276)  (16)(/flK) 


Me jSi  -  0  -  SiMfj 
(17)  (M  162) 


(8)  ( K  270)  (18)  180 )  (19HX30) 

Schkmz 6 


and  (8)  obviously  cannot  furnish  ketens  via  a  simple 
one-step  process.  A  rationale  for  keten  formation  in 
these  examples  can  be  made  by  assuming  primary 
enthioliration  to  give  (20a  and  b).  respectively,  followed 
by  ^-elimination  of  MftjSi-SH  (12),  whereas  lorrnation 
of  thioketen  (18)  at  the  more  elevated  temperature 
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probably  results  from  the  direct  9-elimination  or  Me,Si_ 
OH  (19)  from  (8).  Elimination  of  ife5Si"5"SiMes  (10) 
from  (3)  to  give  keten  (9)  would  be  in  complete  analogy 
to  the  invoked  cleavage  of  (20). 

Previously  studied  ^-eliminations  of  silanoU  from 
iV-silylcarbamates  or  imidocarboxvlates  have  been 
proven  to  follow  intramolecular  pathways  vta  four- 
centre  transition  complexes.1*  Tius  non-ionic  mechan¬ 
ism  may  also  operate  in  the  gas  phase  and  thus  be 
applied  to  the  thermolysis  of  (3)  as  wed  as  (2b)  and  (8) 
vta  (20).  This  leads  to  transition  state  (21a)  from  (20) 
and  (21b)  fTom  (8).  The  driving  force  in  each  case 
seems  to  be  the  pronounced  nucleophiiicity  of  sulphur 
which  permits  attack  at  silicon  thus  overcoming  the 
stability  of  the  Si~0  bond.  Besides  the  electronic  a 


states  involving  silicon  is  also  obvious  from  the  relative 
stabilities  of  bis-silylated  amides  (22)  and  thioamides 
(231.  Thus  compound  (22;  R  =  Ph)  is  gradually 
cleaved  to  give  benronitnle  only  at  redux  temperature 
(;a.  470  K). 17  whereas  the  corresponding  thio-compound 
(23;  R  =  Ph)  eliminates  Me,SrS*SiMe,  (10)  m  rUu  on 
silvlation  of  y-tnmethylsdyltluobeniami.de  at  253  K.10 


I  1 
0 

R  —  C'f  $>M*, 


5iM* 

I 

(23) 


In  the  cases  of  (8)  and  (2b)  a  second  possible  reaction 
mechanism,  a  primary  thiono-thiolo  rearrangement 
followed  by  rapid  decomposition  of  the  latter  into  the 
ketens  (II)  and  (14).  respectively,  and  the  sdanethiol 
(12),  should  a  priori  be  considered.  After  thermolyses 
at  1  043  K  only  very  minor  amounts  of  the  starting 
materials  are  recovered,  which  implies  that  possible 
primarily  generated  species  are  quantitatively  decom¬ 
posed  into  the  observed  products  before  reaching  the 
detection  system  (ion  source).  In  general  it  is  believed 
that  species  with  half  lives  less  than  ca.  10'*  s  may  escape 
detection. **  However,  assuming  &H,  r  <lGt  ~  —62kJ 
mol'1  (i.e.  A S<  ~  0) 7  for  the  thiolo-thiono  rearrange¬ 
ment,  the  equilibrium  constants  for  the  thiono-thiolo 
system  can.  according  to  the  van't  Hoff  equation,  be 
calculated  to  be  Jog JC  (293  K)  ~  25  and  log^A*  (I  043 
K)  2:  7,  respectively,  i.a.  even  at  the  elevated  temper¬ 
ature  the  thiolo-thiono  rearrangement  will  be  rather 
favourable.  In  the  present  case  the  latter  rearrange¬ 
ment  should  compete  with  the  possible  rethermolytic 
p-elimination  of  silanethiol  (12)  from  the  thioio-species. 
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the  latter  totally  suppressing  the  former,  corresponding 
to  quantitative  rethermolysis.  Based  on  the  above 
figures  and  the  fact  that  rethermolyses  in  general  may 
be  expected  to  occur  to  only  a  small  extent  u  it  seems 
unlikely  that  a  primary  thiono-thiolo  rearrangement 
should  be  expected  to  play  any  major  role  in  the 
thermolvses  of  (8)  and  (2b). 

In  conclusion,  it  appears  that  because  of  the  electronic 
and  possibly  also  steric  effect  of  neighbouring  sulphur 
the  5i“0  bond  is  readily  cleaved  in  the  silvlated  thio- 
carhoxyiic  acid  derivatives  (2b).  (3).  and  (8)  to  gtve 
ketens,  thus  excluding  this  method  as  a  suitable  route  to 
thioketens. 

EXPERIMENTAL 

I.r.  spectra  were  recorded  on  a  Perkin-Elmer  257  spectro¬ 
graph.  and  the  lH  n.m  r.  spectra  (CDC1,)  on  Varian  T80. 
Varian  EM360.  and  Perlcm-Elmer  R32  instruments. 

Flash  Vacuum  Thermolysis  Technique  ** — The  ( v  t. 
technique  used  is  based  on  the  direct  combination  of  a 
thermolysis  unit  with  a  double  focusing  mass  spectrometer 
with  a  field  ion  source.  The  thermolysis  unit  is  constructed 
as  *  modification  of  the  Pye-Umcam  PV-4000  pre-column 
pyrolysis  system,  which  is  based  on  the  Curie-point  principle. 

«  e  the  high  frequency  inductive  heating  in  ferromagnetic 
materials  The  thermolysis  unit  is  connected  directly  to 
the  ion  source  of  the  mass  spectror:ecer  via  a  heated  Ime-of- 
sight  inlet  system. 

Samples  (ca  50  wg)  of  the  pure  compound  were  introduced 
(micro- syringe |  into  the  reactor  via  a  heated  injection 
block  The  contact  time  in  the  hot  tone  has  been  estimated 
to  be  ca.  10'*— l  O'*  i."  fulfilling  the  contact  time  require¬ 
ment  'or  f  v  t.  equipment  According  ;o  the  geometry  of 
the  system,  thermolysis  products  with  half-lives  <  fa 
10**  s  are  assumed  to  escape  detection.1*  The  internal 
geometry  of  the  reactor  (length  40  mm.  internal  diameter 
2  mm l  combined  with  a  low  actual  pressure  (P  ca.  10‘* 
Torr)  assure  a  very  low  frequency  of  mtermolecular  collisions 
relative  to  the  molecular-hot  surface  colhson  frequency, 
i.r.  only  unimolecular  reactions  take  place. 

The  mass  spectra  were  recorded  on  a  Vartan  MAT  CH 
5D  instrument  equipped  with  a  combined  electron  impact 
lonizaiion-fieid  ionization-field  desorption  ion  source.  The 
field  ion  emitter  was  a  10  jam  tungsten  wire  activated  in 
benxomtrile  vapour 

Compounds  (la}.'*  (lb)."  (4).'»  and  W-tnmethvisilyl- 
thioacetamide  (from  thioacetanude  and  hexamethyldisil- 
azane)  11  were  prepared  according  to  reported  procedures 

3.3~DimethyHihiobulanou)  Acid  Q-Trimethylsiiyl  EsUr 
(2a>  — Compound  (2a)  was  prepared  by  reaction  of  (1*) 
with  2-phenylethylamine-carbon  disulphide-triethylamine 
followed  by  silylation  with  chlorotnmethylsilane-tnethyl- 
amine  *  yield  40%;  bp.  341 — 343  K  at  11  mbar;  ir 
exhibits  no  absorption  in  the  carbon vl  region;  8  0  35 
('J  H.  St  Med.  0  98  (9  H.  BuM.  and  2  04  (1  H.  CHt) 

3  3-  Dimethyl-2-tsopropyl(lhtobulanotc\  Acid  O- Tnmtthyl- 
stlyl  Ester  (2b). — .V-Tnmethylsilytthioacetamide  (12.5  g. 

0  086  mol)  in  hexane  (15  mlj  was  slowly  added  to  BuLi 

(0  086  mol)  in  hexane  at  195  K.  After  l  h  (lb)  (14  5  g. 

0  082  mol)  in  hexane  (20  ml)  was  slowly  added  and  the 

solution  was  allowed  to  warm  to  room  temperature  The 
precipitate  was  removed  by  filtration  (with  exclusion  of 
moisture).  The  filbate  was  concentrated  in  vacuo  and  the 


product  was  isolated  by  distillation,  yield  54%.  bp 
356—356  K  at  2  mbar;  i.r  exhibits  no  absorption  m  the 
carbonyl  region;  i  0  40  |9  H.  Si  Me,).  0  37  and  1  09  (8  H.  J. 

J  ca  7  Hz.  diastereotopic  Me  oi  Pr').  I  02  (9  H.  s.  Bu‘). 
2.00  (l  H.  m.  CH  of  Pr').  and  2  77  (1  H.  d.  /  5  Hz.  2-Hl 
3.3- Dimethyl-  l-tnmethylsiioxy-  \-tnmeth\lsilyllhiobul- 1- 
ene  (3).— Compound  (2aj  (9  4  g,  46  mmol!  m  dry  THF  (20 
ml)  was  slowly  added  to  a  stirred  solution  of  lithium  di- 
isopropylamine  (50  mmol)  (prepared  from  di-isopropvl- 
amine  (50  mmol)  and  an  equimolar  amount  of  BuLi  in 
hexane]  at  105  K  The  stirring  was  continued  for  3  h 
followed  bv  dropwise  addition  of  chlorotnmethvlsilane 
(5.4  g.  50  mmol)  in  dry  hexane  [10  mil  The  mixture  was 
allowed  to  heat  up  to  room  temperature  and  the  precipitated 
LiCl  was  removed  by  filtration  after  20  h  (exclusion  of 
moisture).  The  solvent  was  removed  m  vacuo  and  the 
product  isolated  by  distillation,  yield  90  g  (72%),  bp 
348 — 350  K  (at  0  9  mbar);  I  640  cm'1  |C=C) .  5  0  23 

and  S  0  27  (both  9  H.  S»Me,).  I  03  f9  H  BuM.  and  4.70  fl  H. 
=CH)  (Found;  C.  52  65;  H.  10  35,  S.  11  1.  C„H„ 
OSSit  requires  C.  52  15  H.  10  15;  S.  II  a%) 

\.3.3-Trimtthylbicycloti1\}htptan-i-ylmethanol  (51  — 
Compound  (5),  was  prepared  from  (41  by  reaction  with 
diborane  followed  bv  oxidation  of  the  resulting  borane 
with  HA."  yield  89%;  mp  334  K.  ,n-|  (KBri  3  340 
cm'*  (OH);  37  7*  (COCl,) .  5  0  8  —  1  8  (m.  containing 

8  0  83  .  0  88  0  96.  I  00.  1  03.  and  l  12  (Me)]  and  3  68  <d.  J 
7  Hz.  CH,0)  (Found.  C.  78  25.  H.  12  15  CuH„0 
requires  C  78  5;  H.  12  0%) 

1.3  3-Trtmeihvlbicyclo'Z  2  \\htpiane-2  c  .rhosylic  Acid 

(6) . — Compound  (0)  was  preferentially  prepared  bv  oxidizing 

(5)  according  to  ref.  12.  yield  75%.  mp  379  K.  (a’,," 
-4  4*  (CI)CI,):  (KBr)  ca  3  000b r  (OH)  and  1  700 

cm'1  (C=0);  S  0  9—2  3  (m.  containing  J  I  02.  1  14.  and 
1  17  (Me)].  2  16  (d.  ;  ca  2  Hr.  H-2).  and  10  7br  (OHi 
(Found  C.  72.5;  H.  10  0.  CnH(A  requires.  C,  72  5. 
H.  9  95%). 

1.3.3- rrii*w<Avffiieycfof2  2  \\htptane-2-carbonyl  Chloride 

(7)  — Compound  (7)  was  prepared  by  reaction  between  (6) 
and  thionvl  chloride,  yield  60%.  b  p.  347  K  at  0  95  mbar; 

(film)  1  805  cm'1  (C=Oj;  8  0  9—2.3  (m.  containing 
5  l  00.  1  09.  I  14.  I  17.  and  1  25  (Mel]  and  2.61  and  2  70 
(both  d.  /  ca  2  Hz.  tndo-  and  era- 2-H)  (Found  C.  85  85. 
H.  8  65  C,,H,-ClO  requires  C.  65  3.  H.  8  55%). 

O- Triintlhvlsiiyl  1.3.3-rMme<Ay(8icycfai’2.2. 1 ]A/nta«i«- 2- 
thiocartfoeylaie  (8)  — The  reaction  was  analogous  to  the 
above  preparation  of  (2b)  (rom  (lb),  yield  25%.  bp 
383  K  at  I  I  mbar:  i.r  exhibits  no  absorption  in  the 
carbonvl  regton;  8  0  41  (9  H,  SiMe,).  0  8 — 2  2  (m.  contain¬ 
ing  5  0  98.  1.00.  1.14.  and  I  16  (Me)J.  and  2  76  and  2  87 
(both  <1.  J  ca  2  Hz.  tnrlo-  and  cro-2-H) 

Compounds  (2a).  (2b).  and  (8)  did  not  give  satisfactory 
elemental  analyses  due  to  their  highly  hygroscopic  nature 
(9/1  BOO  Received.  23rd  SovtmOer  1979) 
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GAS  PHASE  THERMOLYSES  OF  THIETAN  1-OXIDE  AND  1,2-OXATHIOLANE 
2-OXIDE.  EVIDENCE  FOR  THE  INTERMEDIACY  OF  1,2-OXATHIOLANE 
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Gas  Phase  Thermolyses.  Part  4.1-  Gas  Phase  Thermolyses  of  Thietan  1  - 
Oxide  and  1 ,2-Oxathiolan  2>0xide.  Evidence  for  the  Intermediacy  of 
1,2-Oxathiolan 

By  Lars  Carlsen  *  and  Nelge  Egsgaard.  Chemistry  Department.  Rise  National  Laooiatory.  DK— iGCO  Rosk  lae 
Denmark 

David  N.  Haroo.  Department  of  Chemistry.  McGill  University.  Montreal.  Quebec.  Canaoa  H3A2K6 

The  ummoleculai  gas  phase  thermolyses  of  thietan  1  -oxide.  1 .2-oxathioian  2-oxiae  and  dimethyl  suipnoxide  nave 
Been  studied  By  the  Hasn  vacuum  mermoiySis-heid  ionization  mass  spectrometry  tecnmaue  m  the  temperature 
range  783 — 5  404  X.  Th»  reactions  are  ranonaujea  in  terms  ol  atomic  oxygen  extrusions  and  suipnoxide-suipnenate 
rearrangements.  Evidence  is  presented  tor  the  common  intermediacy  of  1 ,2  o»athioian  trom  the  tnermoiyses  of 
both  thietan  1  -oxide  and  1 .2-oxatniO'an  2  ox-oe 


We  have  previously  reported  on  the  thermal-3  and 
photolyttc  *  generation  of  the  simplest  cyclic  sutphenaces. 
the  three-membered  oxathurans.  which  are  iound  to  b<* 
thermally  highly  labile  compounds.  The  corresponding 
tour-  and  five-membered  cyclic  sulphenates.  1.2oxa- 
thierans.  and  1.2-oxathiolans.  respectively,  are  not 
known.  The  former  has.  however,  been  studied  theor¬ 
etically  within  the  CNDO/B  and  C>'D0,S  frame- 
wortcs.3  To  our  knowledge  only  one  example  of  a 
stable  cyclic  sulphenate  has  been  reported.*  the  com¬ 
pound  being  highly  substituted.  Attempts  to  synthesize 
the  parent  nve-membered  sulphenate.  1. 2-oxathiolan 
(!'.  bv  deoxygenation  of  the  corresponding  stable  5- 
oxtde  emp.oyng  a  senes  of  reagents  commonly  used  tor 
reduction  of  siupho'cides  were  unsuccessful.7  However 
evidence  has  been  obtained  for  the  isoiat.an  ot  (1)  by 
cyelizatton  of  S-phthahmido-3*mercaptopropan-l-ol. 
Compound  (1)  exhibits  a  haif-Ufe  of  ca.  3  h  at  room 
temperature.4 

As  a  part  of  our  current  interest  in  the  ummolecular 
gas  phase  thermolvtic  decompositions  of  organic  suionur 
compounds,1  we  now  report  our  results  on  the  uni- 
moiecuiar  gas  phase  thermolyses  ot  thietan  l -oxide  12) 
and  l. 2-oxathioian  2 -oxide  (3)  as  possible  precursors  to 
the  unknown  1,2-oxathiolan  (1).  The  thermolyses  of 
(2)  and  «3)  were  stodied  since  suiphoxides  are  known 
thermally  to  rearrange  to  the  corresponding  suiphenates.* 
and  organic  5 -oxides  have  been  shown  to  extrude 
atomic  oxygen  under  pure  ummolecular  gas  phase 
thermolvtic  conditions.3  To  elucidate  the  presence  of 
these  two  reactions  we  also  studied  the  ummolecular  gis 
phase  thermolysis  oi  dimethyl  sulphoxide  (4). 


n 

\^-0 


*0 

.1 

CHj —  S  — CHj 


(3)  (4) 


The  thermolyses  were  studied  by  the  Rash  vacuum 
thermolysis-field  ionization  mass  spectrometry  (f.v  t.- 
f.i.m.s  l  method.58  which  secures  detection  of  ummole- 
cularly  formed  products  only. 


EXPERIMENTAL 

Compounds  i2)  11  and  :3)  u  were  svnthesised  according  to 
published  procedures 

fiasn  factum  Ti<rmoiviii  TecA-nmue  — The  (  v  r.  tech¬ 
nique  descnbed  in  detail  eisewhere.-'  ts  based  on  the  direct 
comoination  ot  a  thermolysis  unit  with  a  douole  focusing 
Vanan  MAT  CH  5D  mass  spectrometer,  equipped  *un  a 
combined  electron  impact  ionization-field  ionuat;on-fie;J 
desorption  te  i  -t  i  -(  i  )  ion  source  The  thermolysis  unit  .s 
connected  direct  /  to  the  ion  source  of  the  mass  spectro¬ 
meter  via  a  hearable  line-of-signt  inlet  system  Samples 
(ca  50  ng)  of  the  pure  compounds  were  introauced  (micro- 
synnge)  into  the  hot  zone  .reactor)  via  a  heated  iniection 
block  The  contact  time  in  the  reactor  has  been  estimated 
to  be  ca  10'*  — 10’*  s  The  internal  geometry  of  the  reactor 
t'lengtn  -il  mm.  n;:err—.  diamo'er  2  mrr.  combined  witn  a 
low  actual  pressure  IP  :a  10’*  Tom  assures  a  very  low 
frequency  of  miermolecular  collisions  relauve  to  the  rr.ote- 
euie-hot  surface  collision  frequency,  i  e.  only  unimo.ecuiar 
reactions  _ake  place.  However,  it  should  be  remembeted 
that  sunace  cataivtic  eriects  miv  operate. 

The  thermolysis  products  are  detected  bv  recording  the 
field  lonnanon  mass  spectra  immediately  after  the  thermo 
Ivses.  F  i.  gives  nse  to  molecular  ions  (even  of  very  un¬ 
stable  substances)  accompanied  only  by  few.  if  anv.  frag¬ 
ment  iotas  11 

Further  identification  of  the  single  compounds  formed  bv 
the  gas  phase  thermolyses  are  obtained  bv  recording  the 
collision  acnvauon  ic  a.)  mass  spectra  u  of  the  corresponding 
molecular  ions 

RESULTS 

Several  authors  have  recently  reported  on  the  gas  phase 
thermolysis  of  dimethvl  suiphoxide  (41  “"lT  From  this 
work  a  rather  complicated  decomposition  pattern  could  be 
expected  upon  thermoivsis  of  (41.  Two  papers  bv  Block 
and  his  co- workers  caught  our  attention  as  they  reported 
the  formation  of  sulphine  (thioiomaldehvde  5-oxtdei  " 
and  methanesuipnemc  acid.17  However,  these  studies  do 
not  report  on  the  ummolecular  decomposition  of  (4J.  The 
same  is  true  in  a  study  by  Thynon  11  who  rationalized  a 
complete  degradation  of  (4)  tn  terms  of  a  senes  of  speculative 
radical  reactions  The  f  i.-m  s  spectrum  of  t4)  following 
thermolysis  fl  404  K).  is  however  verv  simpie.  a s  onlv 
three  reaction  products,  dimethyl  sulphide  (3)  (Af  82). 
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methanethiol  (6)  (Af  481.  and  formaldehyde  (7)  (Af  30).  are 
observed  (Figure  t).  The  identity  of  these  compounds  was 
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Ficona  1  Field  ionization  mas*  spectrum  -i  dimethyl  suloh- 
oxide  followuif  ummolecular  gas  phase  them  oiysts  at  l  404  K 


Figl'U  2  Field  ionization  mass  spectra  of  thietan  1-oaide 
following  ummolecuiar  gw  phase  thermo  lyse*  at  883.  1  043. 
and  1  404  K.  respectively 


verified  by  studying  the  corresponding  thermolysis  of 
dimethyl  ('H^sulphoxide.  which  resulted  in  the  formation 
of  products  with  molecular  weights  of  88.  52.  and  32. 
respectively.  No  peak  corresponding  to  [*Htjsulpmne 
(M  64)  was  observed.  Thermolysis  of  (4)  at  lower  temper¬ 
atures  did  not  adord  new  products,  as  only  the  above  three 
reaction  products  were  observed,  aibeit.  tn  lower  overall 
yield. 

In  the  case  of  th»e tan  1 -oxide  |2)  (A/  90)  we  found  that  the 
product  composition  is  somewhat  dependent  on  the  thermo¬ 
lysis  temperature.  Figure  2  depicts  the  f  i.-m  s.  spectra 
following  thermolvses  of  (2)  at  883.  I  043.  and  l  404  K. 
respectively.  On  the  basis  of  these  spectra,  complementary 
with  collision  activation  mass  spectra  of  authentic  samples, 
a  product  assignment  of  thietan  (8)  (A/  74).  acrolein  (ll) 
(Af  36),  sulphine  i9)  (Af  62).  and  products  with  the  molecular 


Freeses  3  Collision  activation  spectra  ot  field  iontted  thietan 
and  acrolein  obtained  alter  thermolysis  of  thietan  l -oxide  at 
l  043  K 


compositions  C,H,0  (10)  (Af  58)  and  C,H,  (12)  (Af  42). 
respectively  are  observed.  Due  to  the  low  intensity  of  the 
peak  with  m/t  58  it  has.  unfortunately,  not  been  possible 
to  obtain  satisfactory  c.a.-m.s.  spectra  for  a  conclusive 
identification.*  Neither  has  it.  by  the  c.a.  method  applied 
here,  been  possible  to  distinguish  between  propene  and 
cyclopropane  (12)  (Af  42).  Figure  3  depicts  the  t.i.-c.a. 
spectra  of  thietan  and  acrolein  obtained  after  thermolysis 
of  (2)  at  1  043  K.  The  spectra  are  identical  to  those 
recorded  from  authentic  samples. 

In  Figure  4.  the  product  composition  following  thermo- 

•  C.4.-m.s.  spectra  of  authentic  sample*  only  exhibit  minor 
quantitative  differences 
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compounds  may  exhibit  rather  different  f.i.  sensitivities.15 
However,  the  reiauve  f  t. -sensitivities  of  ( 12).  (U).  ;10t.  and 
(8»  were  determined  using  the  gas  inlet  svttem  of  the  mass 
spectrometer  Tentatively  the  sensitivities  for  propene  and 
oxetan.  as  representatives  for  ’12)  and  (101  respectively 
were  used  From  Figures  2  and  -4  supplemented  bv  the 
relative  f ;  -sensitivities  the  relative  yields  oi  these  :om- 
pounds  were  estimated  iTabiel 

DISCUSSION 

The  product  formation  reponed  above  ran  be  discussed 
in  terms  oi  the  two  possible  reactions  mentioned  in  the 
Introduction,  i  e  atomic  oxygen  extrusion  ■  and  re¬ 
arrangement  of  suioho.v.des  to  toe  corrr»ponuing 
suiphenate  ooupied  with  consecutive  suipnenate  de¬ 
composition  reactions. 

The  existence  u(  these  types  of  reactions  is  easiiv 
rationalized  in  the  case  of  dimethyl  sulphoxtde  (41 
(Figure  I).  !t  has  previously  been  reported  that 
suipnov.des  that  do  not  possess  3-hydrogens  »h-rmailv 
can  be  rearranged  to  the  corresponding  suipnenaies  the 

04,-5 -CH, 
y/  CS)  < J#  62) 

X 

CHj-5-O-CH^  - -  CMr  =  H  -i*  H,CD 

taUM7ti  C6MN-8)  C7)(AT  30) 


'0 

( 

CH,-5-CM, 
(4)<#  78) 


m/i 

Fizi:**  4  F: cid  :onit*t:o n  t>*si  spectra  of  1.2  o*ath>afan 
2  -xide  lodowme  jnimoiee.lar  (u  pn  vac  ilermomu  at 
88..  i  '43.  and  l  404  a.  respectively 

lyses  of  1 ,2-oxathiolan  2  oxide  -31  <.\[  !061  at  993  l  043. 
and  1  404  K,  respectively.  ;s  verv  similar  to  the  thermoivsis 
of  i 21  Additionally  formaldenvde  (7)  l.U  30)  is  found  in 


latter  consecutively  fragmenting  into  a  thiol  and  a 
caroonvl  cornoound*  In  the  present  cr_>e  this  reaction 
would  result  m  the  format. on  of  met  ij.:. thioi  S*  ana 
formaidehvde  ^7)  hkeiv  via  methvi  •netlianesuichenate 
(13!. 

However,  a  c.a.-m  s.  analysis  of  the  peak  with  mi:  78. 
following  thermoivsis  oi  i4)  a:  temperatures  between 


Relative  vieids  of  17).  (121.  fill.  (101.  and  (8)  following  unimolecular  gas  phase  thermolv-.es  of  (2)  and  (31  at  783. 


883.  1  043  and  I  404  K.  respectively 

The  ; 

igures  are  a 

verages  ior  three  t 

penmen  rs 

783  K 

863  K 

1  043 

K 

l  404  K 

Compound 

AT 

S* 

(2)  (3) 

(2) 

:3) 

(2) 

1 31 

(2) 

(3) 

IT) 

30 

i.OO 

0  02 

0  20 

0  05 

0  09 

(12) 

42 

0  17 

0  13 

0  80 

0  61 

0  04 

0  37 

0  37 

(1)1 

86 

1.00 

0  04  0  34 

0')4 

0  58 

0  11 

0.70 

0.47 

0  46 

(10) 

58 

0  52 

0  04  0  66 

0  02 

0  40 

0  ui 

0.16 

0. 1 L 

0.00 

18) 

74 

0.63 

0  S3 

0.04 

0  2- 

Approx,  overall  yield 

0.10  0  05 

0  50 

0  40 

t  i-o 

0  80 

1.00 

0  80 

•  Relative  i.i.  sensitivities.  *  Assumed  value  equal  to  that  of  acrolein. 


low  abundance  An  f  i.-<  a.  spectrum  of  acroiem  identical 
to  that  mentioned  above  was  obtained 

It  n  not  possible  to  calculate  the  yields  of  the  single 
species  directly  from  the  f.i.-m  s  spectra,  as  the  single 


CH^Sn 

HjCO 

MjCSO 

W 

(6) 

(7) 

18) 

(9) 

(10) 

HjCCHCHQ 

CjH, 

HjC-S-0-CHj 

HSCH jCHjCHO 

(11) 

(12) 

(13) 

(U) 

883  and  1  4*»4  K  only  showed  unchanged  (41,  No 
signals  corresponding  to  a  contribution  of  iJ3)  to  the 
peak  of  *n  ;  78  were  observed,  indicating  the  instability 
of  the  latter  under  the  conditions  used. 

*  ti>r-ce  rupture  of  the  semipolar  S—O  bond  in  i4l  appears  o 
require  86  6  Weal  molM  (S  W  Benson.  Cktm  Rto..  1978.78,  231  the 
apparent  presence  ol  ihu  mechanism  suggests  that  the  atomic 
oxvsen  extrusion  reaction  mav  mvol  e  sunace  catalvsis.  How¬ 
ever.  since  the  hot  filaments  in  the  reactor  are  wires  ot  e  fferent 
allow  ithe  actual  composition  being  determining  ;or  "he  Curie 
•rmperature  ol  a  given  wue»  different  surface  catalvtic  erfecu 
mav  operate  (c/.  Y  Nishtvama  and  Y  Tamai.  CAewuc*  .  1980.  10. 
080).  not  of  necessity  giving  nse  to  a  smooth  variation  in  yieid 
with  temperature. 
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A  possible  unimolecular  formation  of  suiphine  (9)  v»a  a 
pathway  mvoivtng  primary  loss  of  a  methyl  radical  from 
(4)  followed  by  a  loss  of  a  hydrogen  radical  from  the 
resulting  MeSO  radical  is  effectively  ruled  out  due  to  the 
above  mentioned  deuterium  labelling  experiment. 

'0 

.  1 

C03-5-C0j 
(#84) 


C03-5-C0j 

'*“> 

N<f0i 

^  T  -O'  *  . 

C03-*S-0‘ - —  C0j=:5-0 

(#66)  (#64) 


In  the  case  of  (2)  (Figure  2)  atomic  oxygen  extrusion 
evidently  results  in  the  formation  of  thietan  (8)  (M  74)." 
whereas  the  sulphoxide-sulpbenate  rearrangement  would 
afford  formation  of  the  unknown  1.2-oxathiolan  (1);  the 
latter,  on  the  -ther  hand,  would  also  be  a  result  of  atomic 
oxygen  extrusion  from  the  S-oxide  (3). 

However,  when  (3)  was  therrnolysed  (Figure  4)  no 
product  with  molecular  weight  90  is  observed.  This 
could  be  explained  by  a  consecutive  quantitative  de¬ 
gradation  of  (1).  It  furthermore  suggests  that,  if 
formed,  |l)  exhibits  a  half-life  <10 '*  s  under  the  re¬ 
action  conditions.19  F  irthermore.  formation  of  (10)  and 
(U)  by  rearrangements  and/or  fragmentations  directly 
from  both  (2)  and  (3)  can  be  explained  only  in  terms  at 
highly  speculative  reaction  mechanisms,  whereas  a 


(J)(#i06) 


straightforward  rationalization  is  possible  assuming  the 
existence  of  the  common  intermediate  (1). 

To  elucidate  the  possible  degradation  pathway  of  (1). 
we  shall  turn  to  a  discussion  of  the  formation  of  (101  and 
acrolein  (If),  the  common  products  for  the  thermolyses  of 
both  (2)  and  (3).  There  is  a  remarkable  constancy  in  the 
(10)  :  (11)  ratios,  when  comparing  the  product  distri¬ 
butions  following  thermolvses  of  (2)  and  (3)  at  the  smgie 
temperatures  (Table).  This  supports  an  assumption 
that  these  products  are  formed  tna  the  same  species. 

Acrolein  formation  can  be  explained  in  terms  of  a 
fragmentation  of  suiphenate  (1),  analogous  to  that 
observed  hr  (13).  resulting  in  the  formation  of  methane- 
thiol  and  formaldehyde.  However,  as  the  suiphenate 
moiety  m  the  case  of  (1)  is  fixed  in  a  five-membered  ring 
system  the  fragmentation  would  lead  to  generation  of  3- 

*  Same  footnote  at  on  p.  1168. 


mercaptopropanal  (14).  the  latter  only  being  known  is  its 
oligomer. u  VVe  find,  however,  that  the  oljgomer  of  1 14) 
at  ca.  400  K.  (in  vacuo >  is  smoothly  cracked  into  the 
monomeric  species.19  Cracking  the  oligomeric  species 


•  •»  HSCHjCHjCHO 

Cl)  (14) 

under  conditions  where  thermolysis  of  the  initially 
formed  (14)  would  closely  mimic  those  for  the  therroo- 
Ivses  of  (2)  and  (3),  we  found  that  (U)  very  easily 
eliminates  hydrogen  sulphide  affording  acrolein  (Figure 
5).  The  c.a.-ra.s.  spectrum  of  the  latter  is  identical  with 


Ficunx  S  Field  iomutioa  suss  spectra  of  3-mercaptopropanal 
foUomnf  uqj molecular  gu  Uiermolyva  »t  6M  ud  1  043 

K.  raepectively 

that  obtained  from  authentic  acrolein.  We  End  that 
even  at  631  K  [200  K  below  the  temperature  where  (2) 
and  (3)  thermolyse  to  an  observable  extent]  a  high 
degree  of  H.S  elimination  from  (HI  is  observed,  and  at 
I  043  K  oniy  very  minor  amounts  of  (14)  are  recovered, 
in  addition,  it  is  seen  (Figure  5)  that  (10)  (M  53)  is 
formed  in  low  yield;  the  above  mentioned  (10):  (11) 
ratio  is  also  found  here  to  be  0.23  (1  043  K).  For 
comparison,  the  (10) :  (11)  ratios  following  thermolysis 
of  (2)  and  (3)  at  1  043  K  are  calculated  to  be  0.18  and 
0.23.  respectively. 

It  should  finally  be  mentioned  that  the  electron 
impact  ionization  mass  spectrum  of  monomeric  (14) 
suggests  some  concent  of  the  isomeric  chietan-2-ol.19  * 
which  similarly  may  contribute  to  the  peak  with  mu  90 
(Figure  5).  as  well  as  be  responsible  for  the  thermal 
formation  of  (10)  by  sulphur  extrusion.  From  the  above. 
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it  is  not  surprising  that  we  are  unable  to  detect  sulphenate 
ill  and.'or  the  rearranged  product  (141.  but  oniv  the 
corresponding  decomposition  products,  acrolein  and  (101. 

Remaining  to  be  discussed,  concerning  the  thermolysis 
of  <21.  is  the  formation  of  CjH,  il25  (.1/  421.  apparently 
generated  by  simple  sulphur  monoxide  extrusion,  and 
sulphine  r9)  ( M  621,  which  is  likely  due  to  a  2  -r  2-retro- 
cycioaddition  of  ethylene  and  suJphtne.  as  previously 
reported  by  Block.'**  Since  suipmne  is  formed  only  m 


CHj=CH2 


CH,  =  CH. 


►  HXO 
^(7) 


c. 

j?/u>  \o 


G- 


/ 

K.I30 

(9) 


O-3 

/  c:>  \o 


(6) 

Simemk 


CHj  =CHCMO 
ill) 

4 


HS  CH:CX,CHO 
(Ul  | 

I'5 

t 

c-y.c 0 
(1CJ 


very  minor  amounts  i Figure  2)  the  apparent  lack  oi  i 
ji-eaK  rorrespondmg  to  et.ny.jne  .M  2Sl  is  not  unreason¬ 
able  owing  to  a  very  low  i.i.-sensitivity  oi  the  iatter.13 

In  connection  with  the  thermolysis  of  i3l.  the  two 
undiscussed  products.  (121  and  iTi,  are  apparently 
generated  by  suiphur  dioxide  extrusion  and  a  simple 
rearrangement  analogous  to  the  recently  reported 
suipmnace  therm, ivses  tv  Curst  ti  i 

In  summary  we  rationalize  the  unimolecular  gas  phase 
thermolyses  of  ;2)  and  \3)  as  depicted  ;n  the  Scheme. 


taking  the  results  reported  into  account  for  the  inter¬ 
mediacy  of  ill.  Although  cumulative  evidence  for  the 
mtermedtacy  of  1.2-oxathiotan  in  the  gas  phase  thermo¬ 
lyses  of  thietan  1 -oxide  and  1.2-oxathioian  2- oxide  is 
high,  direct  experimental  verification  under  such  con¬ 
ditions  does  not  seem  likely 

[0<163?  Rtceiird  2 hi  Jttobtr  I960. 
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APPENDIX  11. 

THERMALLY- INDUCED  REARRANGEMENT  OF  METHYL  ACETATE  IN  THE  GAS 
PHASE 
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Gas-phase  Thermolyses.  Part  5.'  Thermally-inuuced  Rearrangement  of 
Methyl  Acetate  in  the  Gas  Phase 

Bv  l«rs  Carl i an . ’  Haiqs  cgsqaard.  Pall* *  Paqsoerg,  Chemistry  Department.  Riso  Nal-onai  LjOoratorv.  C  < 
4CC0  Bosxude.  Denmam 


;gt«  •jn.moiecj'Jf  j  is  s^ase  tf'«r*no' vsu  o<  :*0-aaeiiea  'retr.vi  ace'aie  'as  zeen  nvestgaied  s>  “asi 
•acjyrr  :i>e*"*to-vSis-‘  cd-  on.zation  ■njss  scectrameirv  metfod.  n  :s«ro.ration  wtn  coi.'S  on-acnvar  on  —  jsi 
sc«c:.*cme:rv  n  :ne  'emc*'!!-'*  ■ar'T*  '■  043—1  4i*4  <  •Amor  amounts  o>  k am  as  j  remit  of  *  T  • 

at  ?n  ir  -natPanoi  we'«  je’ecreo  predominant  ■•act  on  s  ipov*"  to  oe  tf*e  ■nt/amc. •cvar  o*vgi»n  to  jivqen 

group  rr'*qrjtion  ">e  somiffi jt-on  s  o.scussea  ,n  te*ms  of  vic.-jt  onai  eic-tat.or  :t  spec  *<c  n-aiane  o#t»o- 
■nq  mooes  soserved  'or  'he  acetate  -no.ecuce  '*•*  low-ofessc'e  'Jte  icrstart*  *2t  tra  some'  z jt  cn  ji  *  353 

and  1  404  K  ca>egia*«d  t'pm  me  zo.iisio.i  activation  mass  specira. 


Tit?  cXh-rh.vsn  thermni’.^e'S  .u  carbotvi.c  acid  as 


tr.rr  >  is  pnisn  can  rsirrar.ij*  thermaJv  m  'he  *.;.erm  *- 

a»::v.i:-  >n  :  -r  t.\-  \ r.ii rearTar^’rr.er.t  r.as  b**en 
*5 1;  mated  To  r**  :j  45  *<*a;  rr.o.  1  >. v  ;ec*~  '--"t  >t 


me  naf.ire  )t  The  “st-r  i.*.v;  14  The  rev«r<e 

rsv'tnn  has  however,  to  our  .<rr  v*.e*ig*  .-. -t  b*“*" 
Cb<er.--i.  acpJ'ent:'  owirtjj  *i  the  Thermo 
Star ...jjf; c/  the  r.moi <>--•,  ers  i>v  *j  JO  ^ca.  .tji  1 
re;at;%e  to  the  tr.i-v  )m;.  :u:-..is  *  On  a  . .e 

lh.ema.lv  .r  :  viced  iv.cr.  to  oxye»n  a.*y:  r;ro ;p  rrver- 
aticn  ;n  carbowi.c  a<-;ii  esters  litt;e  .rttarmatron  ''is 
*  r-are-.  4  In  ’.OTl  Srr.t:'  and  his  :o-wor*er5  reported 
on  the  pamai  (**■'*;„  gas  ma^e  the:rr...:\-sis  ->t 


!a::e:l--l  et;'.’.  1  aretats  The  reaction  --vis  carried  jut  it 
nit)  K  .n  a  stamiess  ste-i  reactor  at  a  pressure  o:  :j  S"<' 
T  >rr  x*  D.e  mass  sc-ectr  'rr.etric  aRAiys.sot  me  react:  m 
pr  *i  ;t  ts  revealed  that  miv  minor  amounts  of  oxv$en 
s*Tamc?litu{  m  the  unreacied  ester  had  xcurrsd  me 
auth.  -.rs  th.eretore  exc. tided  the  rn'ermeoiacv  of  an  ion 
pair  .n  rapi«i  equilibrium  with  the  ester  a<  be:n< 
rmr«>ns;ble  for  tr.e  de-om position  products,  acetic  acid 
ar.<:  rthv.er.e.  formed  uoon  therrr.oivsis  ot  ethvi  acetate 
No  disrussion  of  the  observed  oxv^en  scramDiir.g  w.vs 
<»v-n  However.  :t  should  he  noted  that  the  rhermoiv- 
sis  was  carried  out  under  relatives*/  hum  pressure  con-t:- 
f.ons.  su^gestm^  the  possibility  of  important  bimoiecuiar 
reactions  Potential  ester  formation  from  acetic  acid 
and  •thyiene  T  should  be  mentioned  particuiariv 

[n  the  present  paper  we  report  jn  the  pure  ununoie- 
cuiar  50s- phase  thermolysis  of  :,0-'iabeiJed  methvl 
acetate  i05 labelling  in  the  carbonvl  ^rouot  in  me 
temperature  ran^-  1  '>43 —  l  4<H  K.  focusin?  on 
possible  “O-'-80  methyl  ?roup  mieration. 


EXPEHtMENTAL 

Methyl  '**0 }.4cetaU  —The  “O-Iabeilcd  methvl  acetate 
waj  prepared  bv  hydroiysmf  I  -methowethvudeneamirie 
hvdrochionde  il  09  9)  •  *n  pynd1ne  .2  md  by  H,-*0  0  2 
ml  Prochem.  99  5*'„  ennched)  After  IS  h  the  precipitate 
iJfH.Cl  and  unchanged  unmo  ether  hydrochloride  1  was 


removed  bv  censrifueation  The  supernatai 
poured  into  dilute  hvurochlcnc  acid  and  m 

cj  )  5  mi'  was  crirped  >rf  bv  passing  henur 

smution  and  collecting  the  ester  m  a  .iqui  i  : 

The  poritv  was  ■*  bv  ^  Mmor  into 
let-  :e-i  n  t**e  -amr.e 
F.-l>  1  r-!:e»»n  *1 .  in  —The  tr-rr 


liquid  was 
r.vi  acetate 
throuijn  the 

its  )i  wat-r 

iv«es  were 


carried  out  us.rq  the  rla»n  •i.jisi  th^rm ;  •.s.s--e.d- 
i^mxation  mass  soectrorretr.1  f  v  ?  -t  .  m  i  ,  tec. “a  •;  .e 
has  zeer  descrbe*:  .n  iietaii  previousiv  •  The  ir.eth  '  d 
•  s  b.v>eo  >1*.  1  l  r-ct  ; omo-rat.  in  ot  a  tnermc.-.sis  m.t. 
fu.hi  .re  •he  rfluTemer.: s  mr  1  K  iLd-en  react  ;r  *i:r.  a 
Vu  ass  MAT  TH'D  douD.e  rAcusin?  -njaj  >r—. t:;me*-r 
e :  :  opeM  a  .1  •c't.mrei.  electron  .rrpa-.t  .omration-*  r.  i 
:  >Risat;on-*:e.d  iesorpt.on  e  :  -t  1  -i  j  .  .on  soufie  Coi.i- 
sion  activat.jn  c  a  •  mass  sc^cTa  •*  were  attained  bv 
intr ;  1  •••—n?  heuum  as  the  co.lision  ?as  tu  a  neeu.e  va.ve 
,ri  the  —  1  hei.1  'r**  rret.n  ti  **ie  mass  sr*e:tmme 

The  :3.j>ion  <as  is  adm  tte-.  as  a  molecular  <as  beam  t-< used 


>n  ",\t  .w n  beam  ast  henir.-.:  the  intermediate  iccus  sut 
Arrnpr-ate  ad  istment  ot  the  magnetic  he  d  secures 
pas'-a^e  )i  i.i  the  j*sired  :cn  tar^ush  this  s..t  The 
c  a  mass  spe-  tra  ot  the  ytngie  ions  were  )Cta;r.rl  bv  scan- 
nmc  the  e.ectr '.static  heii 

C  a  araivses  ol  thermoivsate  mixtures  are  genera. .v 

•  an-ed  nut  >n  the  sm*:e  heid  .<101  zed  mciecuies  •  H  j»«v*r 
the  lompoun  i  •x:uo  ti:i<  the  highest  rnoiecuiar  wrij-t  n  the 
reaction  mix rure  »  e  in  the  present  case  a l  undecomposed 
methvl  •/•O'acetate  iAf  T  S3  mav  sdvanta^-cusiv  be 
ar.aivsed  bv  ;  a  rr.i^i  spectnmetrv  of  the  rnoiecuiar  ion  l 
present  n  the  e  1  .n-hiced  mass  spectrum,  as  this  ion 
evidently  n  not  a  resuit  al  e  :  induced  fragmentation  The 
sens.t-vitv  ot  the  :  a  anaivsis  is  thus  considerably 
enhanced 

The  f  1  —  :  m.i<s  crectra  fcilawnr.^  therrnoivses  were 
recorded  with  1  scan  rite  M  5«»—  !•)<>  a  u  s  '  The  e  ;  -  a 
mass  spectra  ti  'he  ssn^ie  ions  ire  .ecorded  *it ran  5  s 
sumai  to  noise  ratio  -*  1  wui 


results 

W?  rind  that  even  at  verv  biijh  temperatures  methvl 
acetate  ts  rather  stable  and  only  decomposes  to  a  minor 
extend  The  products  were  keten  and  methanol,  in  aijree- 
ment  wtth  the  lindinqs  01  Hurd  and  Blunck.11  The  held- 
ionization  mass  spectra  of  uothermolvsed  methvl  ^*0'- 
acetate  together  with  that  obtained  following  thermolysis 
at  1  404  K  are  depicted  in  Figure  1 

In  Figure  Ja  the  e  1  -c  a.  mass  spectrum  of  the  molecular 
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ion  of  unthermolvsed  CH1Ci'**0)0CH,  (In  is  shown.1*  No 
electron  impact  induced  scrambling  was  observed 

(Scheme  1).  Ia  Figures  2b— d  the  c.a.  mass  spectra  of  the 


CMjC”  *3)0CHj  ’ 


*  CH,C  O'  /  CH.3 


do)  {rrt/x  ?6)  (2al  («/*  45)  <3al  (.rfi/z  31) 

Scheme  1 


CH.CIO)  OCH 


T  •  rw  colli  vo n  _ 


CH^Co"*  *  /  CHjV* 


nb)  (m/x  76)  (2b)  {m/z  43)  {3b)(m/z  33) 

Scheme  2 


moiecuiir  ions  of  undecomposed  ester  following  thermolysis 
at  1  043.  I  233.  and  l  404  K.  respectively,  are  snown.  The 
presence  of  the  rearranged  methyl  acetate  ( lb)  is  unamoigu- 
ousiv  demonstrated  by  the  appearance  of  the  corresponding 


40  60  30  100 


Ficuee  1  Fie  Id -ion  nation  mass  spectra  oi  methyl  ("O’acetate 
l la,  following  thermolysis  at  1  404  K  ia)  ana  without  ther¬ 
molysis  (b) 

characteristic  fragments  (2b)  and  (3b)  upon  heiium-coiiision 
(Scheme  2). 

Based  on  Figure  2c  and  d  the  ratio  Mbi  ".a;  was  cal¬ 
culated  to  be  0  09  and  0.31  following  thermos  ms  at  1  25J 
and  1  404  K.  respectively 

DISCUSSION 

The  responsibility  for  the  appearance  of  the  rearranged 
ester  (lb)  can  a  pr\or\  be  ascribed  to  two  fundamentally 
different  mechanisms,  (a)  a  purely  intramolecular  methvi 
group  migration  via  an  electron-delocalized  four- 
membered  cyclic  transition  state  or  (b)  a  primary 
cleavage  of  the  methyl-oxygen  bond,  followed  by  re¬ 
combination  to  ester.  The  latter  reaction  can  involve 
either  a  homolytic  cleavage  into  the  acetoxyl  and  methvi 
radicals  or  heterolytic  formation  of  an  ion  pair.  How¬ 


Ficu»*  2  Collision  activation  mass  spectra  o(  the  electron 
icroact  induced  moiecuiar  ion  ot  methvi  (‘’Olacetate  (lai 
wur.sjt  iherrr.c  sis  and  loiu,-v.7  :hermoiv»is  at  1  043  K 
lbs.  1  253  K  \c) .  ana  l  4C4  K  (d).  respectively 

ever,  ion  pair  formation  is  much  more  energy'  demanding 
than  homolytic  radical  generation  and  can  accorcirgiy 
be  left  out  of  consideration.  On  the  other  hand,  it  is 
necessary  to  discuss  briedy  the  possible  involvement  of 
the  acetoxyl-methy  l  radical  pair 

It  has  been  reported  that  acetoxyl  radicals  decompose 
umrr.oiecuiariy  into  methyl  radicals  and  carbon  dioxide. 
The  rate  constant  has  been  estimated  to  be  of  the 
order  of  10* — IQ10  s  l.ia  The  concurrent  bimolecular 
radical  reactions  (i.e.  acetoxyl-methy l  or  acetoxvi- 
acetoxvl.  both  leading  to  the  formation  of  merhvJ 
accatei  proceed  with  rate  constants  lu  cj.  1010  1  moi"1 
s  '.'  whi:h  give  rise  to  the  kinetic  expressions  fl)  and  (2) 
for  the  disappearance  oi  the  acetoxyl  radicals. 

(d:cH,coo-;;d;)t  =  ^;ch,coo-’  (i) 

(dXH,C00';;di)s  i1;cH3coo-;:R-’  (2) 

R‘  =  CHj’  or  CHjCOO' 

Based  on  our  previous  study  *  the  maximum  radical 
concentrations  in  the  reactor  are  estimated  to  be  ca. 
I0*:  mol  Pl.  On  this  background  we  conaude  that  under 


*  Radical  recombination  reaction*  genenilv  proceed  wuh  rate 
constant*  oi  ca.  10* — i0'*  !  mol"1  *‘‘  <  t  the  choice  oi  *,  m  10‘* 
l  tool'1  s'*  redeems  the  more  conservative  case. 
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the  present  conditions  the  uni  molecular  disappearance  of 
generated  acetoxvl  radicals  w»il  proceed  it 
ieiat  !<)* — 10?  times  faster  than  the  recombination  re¬ 
act:  ji\i 

An  experimental  verification  ot  oar  exclusion  yt  the 
ros>;  j:e  mvoivemen:  oi  ace'oxvi  radicals  .n  the  apparent 
rearrangement  :1a  — ►  lb.  was  obtained  bv  co- 
therm.. uvsis  it  the  ->t»r  'la  ami  /HTmethvi  acetate 
77.  i  ;-  3  the  e  .  mass  -pec tram  jt  : r.e 


(la)  (lb) 

So****  3 


mixture  ilai-.lci  is  depicted  together  with  the  e.i. 
mass  spectrum  obtained  following  thermolvsis  of  tne 
mixture  at  1  aiU  K  It  is  thus  demonstrated  that  no 
rnetnvl  group  crossover,  which  would  give  ri«e  to  a; mu  ■ 
tar.eous  aopearar.;e  u  signa.s  it  •*  :  74  and  71  ta^r- 
puce  The  : nar.ee  :n  tne  mutual  43  4.S  ratio  Jur  t  * 
therm. uvsiv  -s  a  rejection  .m  meth.yi  grout  m;g'af  >r. 
on iv  if  Figure  J  'Jor.?e«y.jent.v  conclude  that  *  he 
.Tmf.wf  ace fate  f*>.  mer^it.-m  proceed*  y<jr*:v 
mo.ecuiariv  an  electron -delvcaiued  Tars.-. on  vat* 
i  be  he  me  31. 


i  mixture  -st 

;vi  acetate  .  lai  ar.u  'H^met.nvi  acetate  lc-  lOiic* 
r.jtvv*  at  1  K  a  ana  witr.aut  Uiertnoivxw  b r 


On  the  basis  ol  a  vibrational  assignment  for  meth'A 
acetate,  writer,  demonstrates  that  the  i  r  band  contours 
are  .r.iistent  with  the  ester  possessing  the  r.  c-mtigur- 
atim.1**’4  w<*  suggest  that  the  thermal! v  induce*:  .so- 
rr.enr.ation  ot  metr.vi  icetate  most  pronaolv  proceeds 
through  i  viorationai  excitation  of  two  specih:  normal 
modes.  wruen  bring  about  the  metr.yi  group  transfer. 


It  seems  obvious  that  the  vibrational  modes,  which  are 
active  in  the  meir.vi  group  iranster  ire  the  two  sn-piane 
bending  modes  -».s  d39  OCO  bend'  anti  •«,.  303  cm'1 
i'TOC  beml:  Fitriv  strong  coupling  betw-en  these 
moQes  is  demonstrate!  by  the  appearance  ot  the  cor¬ 
responding  tomuination  mode  J4J  A  '  =  303  —  *i3'J 
cm  ‘  m  the  :  r  spectrum  :J  'me-  the  reaction  is  con¬ 
cluded  a  jo'  e.  prncee  is  through  a  ijur-.entre  transition 
sr.ite  u neglecting  t.te  .-sotopti;  ertec:  >n  the  oxygen  - 
metr.vs  bond  .ength  of  necessitv  is  svmmctr: :  the 
reaction  co-ordinate  mav  be  expressed  in,  terms  .'i  the 
communion  of  higher  lying  *.  sbratior.ai  leve.s  »i«.;  — 

The  thre-nuM  energy  tor  'he  mettv.!  gtuup  transier 
can  according:*.-  he  expressed  ;n  ^erms  •>!  l  critical  set  of 
uuant.im  uumuers  >«..  •>!  I  above  which  the  two  indivi¬ 
dual  m- plane  Vnding  modes  degenerate  into  one  sing.* 
‘  hand-to-hand  vibration  . I;;gure  4i 

•  • - -  v-,jC3,,  ■ 

.  '  : 

"  \  ;  :  / 


Ficcsr  *  St.-stt..  *  -'I  •*«  '..I  ace-.j;e  - »n  the  tr*.-- 

vit.cn  >me  lor  the  i.'.ef'nmv  .nciucea  jorner .  :i-.;on  . —  —  — 

A  irec:  estimation  of  the  energy  oi  activation  on  trus 
bas.>  ;s.  unfbrtunateiv.  not  possip.e,  due  to  the  iac.-c  >t 
knowledge  of  tne  actual  shapes  of  the  two  bending 
potentials  involved  However,  the  rate  constants  for 
the  -lai  — ►  lb)  conversion  can  be  calculated  from  the 
c  a  mass  spectra  depicted  m  Figures  3c  and  d. 

The  reaction  can  ooviousiv  be  regarded  as  an  eouiii- 
brium  svsrem  la'  *7  . 1  b»  with  concentrations  ‘.lai’  = 
b;U  and  ,'lbi;  =  ')  when  the  ester  lai  enters  :r.e 
reactor  :0-  Bearing  n  mind  that  tne  reactor  minis  the 
requirements  for  a  Knudoen  reactor.’  we  introduce  the 
spacing  duxes  and  R+.  01  the  esters  1  lai  and  Ibt  into 
the  reactor  '*  At  low  temperatures  >  t  no  ihermotvsis 
taK.r.g  piace  P.  =  ^  . la  ,  ana  .V,  =  •).  oeing  the 
ar.iinatecu.ar  reactor  escatoe  rate  constant  14  t ; r  trie 
est-r  la  At  e.-va**d  temperatures  wnere  es'er 
tsoniertiation  pr-xeeiis.  the  concentration  i  la:  :s 
sma.ler  than  ,  lai’,.  owing  to  the  reaction  taking  pia-'e. 
ar.i;  lb*  is  generate-:,  wmen  artor-as  expressions  3i  an-.; 
4.  ior  the  stalionarv  concentrations  .  1  a  an  1  lb  in 
the  reactor  *.»,  ;s  tne  jr.tmoiecu.ar  escape  rate  'onstant 
•)i  the  ester  l b*  ml  .mu  r^ter  >  the  la>  — ►  lti 
ano  ihi  — ►  la.  reactions  restvhttivnv  E;.m:nit:on 

P.  =  u.„  =  fa-;  -  ia.;  -  4:.  ih.;  r 

.?,  =  •>  »  e^.ib.;  -  v  ib-;  -  ia.;  4; 
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of  [dbi]  by  equation  (4)  and  substitution  into  (3)  gives 
the  rewritten  expression  (5).  In  the  present  case, 

C(la>I/(i(l»)J.  -  [(la)])  -  k^Ax  +  AJtv'AJix  (5) 

again  neglecting  the  very  small  **0  isotopic  effect, 
kx  =  ft,  =  k.  Furthermore,  the  uni  molecular  escape 
rate  constants  for  the  two  esters  must  of  necessity  be 
identical,  *  r  1.  «  ^  s  1,,  which  by  introduction  in 
equation  (5)  gives  (6). 

A  »  A.(C(l*)Jo  -  ;(ta)i}/{2r(U)]  -  :<UH0}  - 

A,[(lb)]/{[(lal]  -  ((lb)]}  (6) 
The  ununolecular  escape  rate  constant  is  equai  to  the 
reciprocal  vaJue  of  the  mean  residence  time.  r.  of  the 
molecule  in  the  reactor, “  the  latter  being  calculated 
according  to  the  Knudsen  formula  [equation  (7)],  where 
V  is  the  reactor  volume  (0.13  cm3)  and  .*1  is  the  area  of 
the  orifice  (0.03  cm*),  c.  the  mean  molecular  rate,  can 
be  estimated  according  to  the  kinetic  gas  theory  [equ¬ 
ation  i8i],  T  being  the  temperature  and  -If  the  molecular 
we>ght  of  the  molecule  under  investigation,  i.e.  in  the 
present  case  76. 

t  =  4  V'lcA  s  (7) 

c  .  1.46  x  104(7'/.l/)*  cm  s*1  (8) 

Since  the  peaks  43  and  45  (Figure  2),  arising  from  (lb> 
and  *!al.  respectively,  have  equal  c  a.  probabilities  ■  the 
intensities  of  the  peaks.  /u  and  /u.  can  be  taken  as  a 
direct  measure  oi  the  mutual  amounts  of  (ibl  and  llai. 
On  the  above  basis  we  are  able  to  rewrite  equation  16)  as 
(01,  which  is  directly  applicable  to  the  experimental  data 
obtained.  Relevant  data  and  the  calculated  rate 

A  =  Uu,('u  -  /«)  -  'uM'*  -  'ia)  (9) 

constants  at  the  temperatures  1  253  and  I  -*04  K  are 
given  in  the  Table. 

Intensities  of  the  peaks  *3  and  45  in  the  c  a.  mass  spectra 
[c/  Figure  2).  mean  residence  times,  and  unimolecular 
escape  rate  constants  (or  ‘»0-labei|ed  methvi  acetate, 
and  calculated  low-pressure  rate  constants  for  the 
(laj  — ^  (lb)  reaction  at  1  253  and  1  404  K.  The 
unit  lor  the  peak  intensities  are  arbitrary 
T!  K  /„  /,4  10*TS  lO'**,,*'*  10'Ufs*1 

1  253  9  10O  2.86  3  76  3.72 

MU*  31  100  2.52  3.97  17  8 

As  the  thermolysis  are  carried  out  in  a  reactor  operat¬ 
ing  at  very  low  pressure*  it  is  emphasized  that  the  cal¬ 
culated  rate  constants  are  low-pressure  values.  Un¬ 
fortunately  the  construction  of  the  reactor  used.*  even 
fulfilling  the  requirements  for  a  Knudsen  reactor,  does 

•  The  c.a-  probability  of  a  given  ion  X  m  the  c  a.  mass  spectrum 

v  -i 

of  a  single  ion  with  mass  .if  is  expressed  by  ft/  £  A  iMe  L. 

i 

Carlsen  and  K.  Egsgaard.  submitted  for  publication). 
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not  allow  us  to  determine  the  effective  collision  fre¬ 
quency.  A  further  disadvantage,  from  a  thermo¬ 
dynamic  point  of  view,  is  that  the  Curie  Point 
principle  only  allows  us  to  operate  at  a  rather  limited 
number  of  temperatures.  Hence,  with  the  present 
experimental  results  it  is  not  possible  to  derive  the  high- 
pressure  limit  Arrhenius  parameters  for  methyl  acetate 
isomerization. 

Finally,  it  should  be  noted  that  the  above  discussion 
has  been  earned  through  on  the  assumption  that  iso¬ 
merization  proceeds  as  a  pure  unimolecular  ga*-phase 
reaction.  The  possible  involvement  of  a  surface  cataly¬ 
tic  effect,  which  compared  with  previous  experiments  lT 
seems  rather  unlikely,  is  similarly  left  for  further  investig¬ 
ation. 

Contusions. — We  have  by  the  present  study  demon¬ 
strated  thermally  induced  methyl  acetate  isomerization 
in  the  gas  phase  at  elevated  temperatures.  The  re¬ 
action  proceeds  ummoiecularlv  via  an  electron-delocal¬ 
ized  lour-membered  cyclic  transition  state  through 
vibrational  excitation  of  the  OCQ  and  COC  in-plane 
bending  modes  of  the  ester  group. 

(1/105  Rtcixeid.  26<A  January.  1981] 
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I , 2-OXATH I OLANE 

LARS  CARLSEN,  HELGE  EGSGAARD ,  GORDON  H.  WHITHAM  AND  DAVID  N.  HARPP 
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J.C.S.  Chem.  Comm.,  1&81 

The  resulting  f.i.  mass  spectrum  revealed  only  a  single 
peak  at  mu  90.  strongly  indicative  of  the  formation  of 
a  compound  (hereafter  called  '90')  with  molecular  weight 
90  a.m.u  as  the  only  volatile  product.  Phthalimide  was 
detected  as  the  remaining  substance  in  the  reaction  chamber. 
Electron  impact  (70  eV)  induced  decomposition  of  the 
product  '90'  gave  nse  to  the  following  fragments  mu  90 
741.  73  (171.  03  (7).  62  (11).  59  (17).  45  (25).  43  (10). 
42  124).  41  (100).  and  39  (15%).  The  actual  composition  of 
the  molecular  ion  mu  90)  was,  bv  high  resolution,  estab¬ 
lished  to  be  C,H,OS  (found  90  0139.  calc  90-0139) 

The  similarities  between  the  70  *V  e.i.  mass  spectrum 
and  that  previously  reported  for  thietan  l -oxide4  are  striking; 
however,  minor  but  significant  differences  are  observed, 
especially  in  the  cluster  of  peaks  around  m/z  60  Thus, 
thietan  1-oxide  must  be  considered  as  a  likely  candidate  for 
the  reaction  product  '90.*  in  spite  of  the  *H  n.m.r.  spectrum 
recorded  by  Whitham  and  Davis,*  which  does  not  un¬ 
ambiguously  define  (1) 

In  addition  to  1.2-oxathiolan  (1)  and  thietan  l -oxide  a 
variety  of  cyclic  and  non-cyclic  compounds  have  a  prion 
to  be  considered  as  possible  candidates  for  90  '  However, 
a  common  feature  of  these  compounds  is  the  presence  of 
an  XH  group  (X  *  O.  S)  as  a  structural  unit.  The  possible 
candidature  of  these  compounds  was  ruled  out  by  isolating 
the  reaction  product  following  cracking  of  the  OD-analogue 
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of  (5)  l  No  deuterium  incorporation  in  the  reaction  product 
was  observed.  1 e.  the  mass  spectra  remained  unchanged, 
establishing  the  absence  of  a  possible  XH  group  in  the 
compound  '90  '5 

To  distinguish  between  the  cyclic  sulphenate  (1)  and 
thietan  1 -oxide  the  gas-phase  thermolytic  decomposition  of 
compound  90'  appeared  to  be  advantageous,  since  thietan 
i-oxide  in  addition  to  the  common  products  (2)  and  (3) 
gives  nse  to  the  formation  of  considerable  amounts  of 
thietan  and  C,H,  by  O  and  SO  extrusions,  respectively  1 
Application  of  dash-vacuum  pyrolysis-field- ionization  mass 
spectrometry4  (f  vt.-f  i.msl  revealed  a  f.i.ms.  spectrum 
exhibiting  molecular  ions  corresponding  to  thermally 
generated  product.  Scrutiny  of  the  f.i.ms.  spectrum 
following  thermolysis  at  1043  K  revealed  intense  peaxs  at 
m/z  56  and  58.  whereas  a  total  absence  of  peaks  at  m/z  74 
and  42.  corresponding  to  thietan  and  C,H,.  respectively, 
was  also  noted,  on  which  basis  we  unambiguously  assigned 
1.2-oxathiolan  as  compound  '90  ' 
Field-iomiatton-collision-ictivation  (fi.-c.a)  mass  spec¬ 
tra  of  the  consecutively  formed  products,  exhibiting  mol¬ 
ecular  ions  mu  3b  and  58.  were  found  to  be  identical  to 
those  of  authentic  acrolein  and  ally!  aiconol.*  respectively 

[Received.  8 lh  April  1981.  Com  -416) 


I  ’n  order  to  avoul  0-H  exchange  the  gas  inlet  was  first  saturated  with  D,0  vaoour 

)  The  spplicaUiiitv  of  this  technique  has  unequivocally  been  demonstrated  ov  studving  3-mercaptooropanal  (4i  a*  a  representative 
of  the  XH  -bearing  C,H,OS  isomers  (rei  51 

-  Since  onlv  quantitative  differences  in  the  /  i  -c  a.  soectra  of  allvl  alcohol  propanal  and  oxetan  are  observed  we  a/e  not  able  to 
elucidate  whether  minor  amounts  of  one  oi  the  latter  two  compounds  are  present  in  adJition  to  ally!  aiconol 
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Gas-phase  Thermolyses.  Part  7.1  Gas-phase  Thermolysis  of  1 ,2.3-Oxadi- 
thiolan  2-Oxide  and  Thiiran  1  -Oxide.  On  the  Intermediacy  of  1 ,2-Oxathi- 
etan  1 

Bv  Lars  Carlsen  *  and  Helge  Egsgaard,  Chemistry  Deoartment.  R>so  National  LaDoratorv.  DK-4000  Roskilda. 

Denmark 

The  unimoiecuiar  gas-onasa  thermolyses  of  1 ,2.3-oxadithioian  2-oxide  ana  thiiran  1  -oxide  have  oeen  studied  Bv 
the  flasn  vacuum  thernioivsis-fieid  ionization  mass  soectrometrv  (f  v  t  -f  i.m  s.)  tecnnujue  m  the  temoeracure  range 
from  1  043  to  f  404  K.  The  reactions  are  rationaiizeo  >n  terms  of  suionoxide-suiohenate  rearrangement  ana 
atomic  oxvgen.  sulohur  monoxide,  and  sutDhur  dioxioe  extrusions  Evidence  >s  oresented  for  the  common  inter¬ 


mediacy  of  *  ,2-oxatmetan  from  the  thermolyses 

Very  recently  we  reported  on  the  intermediacy  of  1.2- 
oxathioian1  in  the  gas-phase  thermolyses  of  1.2- 
oxathtolan  2 -oxide  and  thtetan  1 -oxide*  the  ftve- 
membered  cyclic  sulphenate  being  characterized  partly 
based  on  its  thermal  decomposition  into  acrolein  and 
ally!  alcohol.  We  have  likewise  in  a  senes  oi  papers 
reported  on  features  of  the  three-membered  cyclic  sul- 
phenates.  x.e.  the  oxathiirans  *  However,  to  our  know¬ 
ledge.  no  reports  on  the  corresponding  four-membered 
suiphenates.  the  1.2-oxathietans.  have  appeared,  7  In 
the  present  studv  we  report  investigations  on  the  possible 
intermediacy  of  the  parent  1.2-oxatmecan  (1)  tn  rhe  eas- 
phase  thermolyses  of  1.2.3-oxaditluoian  2 -oxide  ;2),  and 
thiiran  1-oxide  (ethylene  aulphoxtdei  (3) 


(3) 


The  choice  of  the  compounds  (2)  and  (31  as  possible 
I  2-oxathietan  precursors  was  based  on  the  following 
assumptions  It  has  preuously  been  reported  that 
cyclic  sulphites  upon  thermolysis  eliminate  sulphur 
monoxide.1  hence,  an  analogous  sulphur  monoxide 
extrusion  from  I— ;  seems  feasible,  apparently  leading  to 
(1).  In  connection  with  our  recent  study  on  1.2-oxa- 
thiolan  we  reported  on  the  thermally  induced  ring  ex¬ 
pansion  oi  thieta n  1 -oxide  into  the  rive-membered  suf- 
pnenate,  J  analogously,  the  three-membered  suiphoxide 
(3)  was  expected  to  afford  (I)  by  nng  expansion. 

EXPERIMENTAL 

1.2.3-Oxadtthiolan  2-oxide  (2)  *  and  thiiran  1-oxtde  (3)  * 
were  synthesized  according  to  previousiv  reported  proce¬ 
dures 

Flash  Vacuum  Thermolysis  Technique  — The  f.v  t.  tech- 

*  The  parent  1.2-oxathietan  has  been  studied  theoretically  bv 
semi-emoincal  CNDO  method*  (J  P  Snvd-r  and  L.  Carlsen.  /. 
Am.  Ckem  Soc..  1977.  99.  2931). 


of  Doth  1 ,2.3-oxJdithioian  2-oxide  ana  tnnran  1  -o»'Ce 

nique  used  has  been  de^nbed  in  detail  elsewhere  1  and  is 
based  on  the  direct  comotnation  oi  a  thermolysis  unit  with  a 
double  focusing  Varian  MAT  CH  3D  mass  spectrometer, 
equipped  with  a  combined  electron  impact  lomzation-neid 
ionization -neid  desorption  (ei-fi.-fd)  ion  source.  The 
thermolysis  unit  is  connected  directly  to  the  :on  source  of 
the  mass  spectrometer  ina  a  heacaOle  line-of-*ight  inlet 
system  Samp’les  (ca  50  ug)  of  the  pure  compounds  were 
introduced  ( micros  vringej  into  the  hot  zone  ireactorl  uta  a 
heated  injection  block  The  contact  time  in  the  reactor 
has  been  estimated  to  be  ea  10'* — 10'*  s  The  internal 
geometry  of  the  reactor  if  4u  mm,  i  d  2  mmi  combined  with 
a  low  actual  pressure  i P  :a  10'*  Torri  ass  : res  a  very  low 
frequency  of  mtermoiecuiar  collisions  relative  to  the 
moiecuie-iiut  surface  collision  frequence*,  x.e.  onlv  um- 
molecuiar  reactions  take  place  However,  it  should  be 
remembered  that  sunace  catalytic  erfeccj  may  operate. 

The  thermolysis  products  are  detected  by  recording  the 
held  ionization  mass  spectra  immediately  after  the  thermo- 
l;,ses.  F  ..  gives  nse  to  moiecuiar  ions  (even  of  very  un¬ 
stable  substances)  accompanied  only  by  few,  if  any,  frag¬ 
ment  ions.* 

Further  identihcation  of  the  single  compound  formed  bv 
the  gas-phase  thermolyses  is  obtained  by  recording  the 
collision  activation  fc.a.l  mass  spectra  *•  of  the  correspond¬ 
ing  molecular  tons  •  The  oxiran  and  acetaldehyde  ions  are 
distinguishable  by  c.a.m.s  11  However,  the  conclusive 
discrimination  between  the  possible  C.H,0  isomers  is 
strongly  facilitated  bv  a  studv  of  the  unimoiecular  meta¬ 
stable  :on  spectra  -1  In  the  present  case  DAD!  i Direct 
Analysis  of  Daugnter  Ionsi  spectra  of  the  molecular  ion 
[mu  44)  of  oxiran  and  acetarH^hv**?  obtained  by  70  eV 
electron  impact  ionization.  have  been  applied 


RESULTS 

The  thermo! vses  of  compounds  ;2!  and  '3)  have  been 
studied  bv  the  dash  vacuum  thermoiysis-neid  ionization 
mass  spectrometrv  (f.v  t.-(  i  m  s  j  teennique  *  in  the  tem¬ 
perature  range  from  1  043  to  1  404  K. 

In  Figure  1  the  finis  spectra  recorded  after  thermolvsn 
of  the  monothiosulphite  (2)  (. U  124)  at  l  043.  1  253.  and 
I  404  K.  respectively,  are  shown.  Based  on  these  spectra 
and  by  comparison  (cams  or  DADl.  cf.  Experimental 
section)  with  authentic  samples,  the  following  products  have 
been  idennried:  ethylene  j4)  (.U  28).  formaldehyde  <5>  (A f 
30).  keten  (6)  (A/  42),  acetaldehyde  (7)  (M  44).  and  thiiran 
(ethylene  sulphide)  (8)  (A/  60). 
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In  recent  years  several  authors  have  reported  on  the  gas- 
phase  thermolysis  of  thiiran  I -oxide.1**1*  It  was  concluded 
that  the  mam  reaction  was  the  extrusion  of  sulphur  mon¬ 
oxide.  affording  ethylene  in  high  yield.  Additionally. 
Saito  14  reported  the  formation  of  minor  amounts  of  C,HtS. 


SO  ICO 

mfz 


Figure  l  Field  lonuatton  mats  spectra  after  gas-ohase  thermo¬ 
lysis  ot  1.2  3-otadichioUn  2-oxide  at  1  043.  1253.  and  l  404 
K 

C.H,0.  and  formaldehyde  It  should,  however,  be  em- 
piiasized  that  the  thermolvses  were  carried  out  under  condi¬ 
tions  where  bimolecular  reactions  certainly  couid  not  be 
excluded.  The  thermolysis  of  (3)  under  pure  ummolecular 
conditions  results,  nevertheless,  in  a  product  composition 
qualitatively  quite  similar  to  that  reported  bv  Saito.14 


A,  '.04 J  X  H,C=CH2  +  HjCO 


(3) 


Figure  2  shows  the  product  composition  obtained  after 
thermolysis  of  (3)  at  1  043  K.  The  products  are  shown 
to  be  identical  to  those  generated  by  thermolysis  of  (3).* 

•  tt  should  be  noted  that  the  C,H40  isomer  (Af  441.  unequivoc¬ 
ally  established  by  the  DADt  technique  to  be  acetaldehyde,  wu 
reported  by  Saito  14  as  ethylene  oxide.  However,  the  present 
study  revealed  no  evidence  for  the  presence  of  ethylene  oxide 
among  the  products. 
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Scrutiny  of  the  spectra  depicted  in  Figures  1  and  2 
reveals  the  presence  ot  a  peak  at  mi:  76  In  the  case  of  (31 
the  peak  was  a  priori  assigned  to  undecomposed  suiohoxide 
However,  careful  c.a.m.s.  analyses  disclosed  that  m  both 
the  case  of  (2|  and  (3(  the  correct  assignment  of  »»«<*  76  was 
carbon  disulphide.  The  appearance  of  C5.  among  the. 
reaction  products  seems  rather  obscure,  but  the  authors  are 
convinced  that  cataiync  erieers  on  the  hot  surface  in  the 
reactor  play  an  important  role  7 


30  40  50  50  70  80 

mi: 

Figure  2  Field  ionization  mass  spectrum  after  gas-phase 
thermolysis  ot  thiiran  l-oxide  ac  l  043  K 

In  addition,  it  should  be  emphasized  that  ca  m  s, 
analyses  of  the  *m/i  76  peak  following  thermolvses  of  >3)  at 
temperatures  between  631  and  l  043  K  showed,  besides  an 
increasing  amount  of  carbon  disulphide,  only  unchanged 
(3V  No  signals  corresponding  to  a  contribution  of  other 
possible  C,H, OS  isomers,  r  f  the  sulphenare  ( 1).  to  the  peak 
>m:  76  were  ooserved. 

DISCUSSION 

The  above  reported  product  formation  is  discussed  m 
terms  of  sulpnoxide-sulphenate  rearrangement,  atomic 
oxygen  extrusion,  arid  sulphur  mon*.-  or  di-c>"de  elimi¬ 
nation.  The  latter  reaction,  however,  cannot  be  dis¬ 
tinguished  from  an  atomic  oxygen  extrusion  con¬ 
secutively  accompanied  by  a  rapid  sulphur  monoxide 
elimination,  as  the  t.i  m.s.  technique  does  not  enaolc  us 
to  verify  the  possible  existence  of  small  in  organic 
fragments  such  as  O.  S.  and  SO  t  among  the  reaction 
products.* 

The  presence  of  an  atomic  oxygen  extrusion  reaction  is 
obvious  in  the  case  o/  thiiran  1 -oxide  (3),  resulting  in  the 


S 

♦  H;CC0  4-  HjCCHO  4-  MjC-CHj 
l«)  (7)  (8) 


formation  of  a  considerable  amount  ot  thiiran  (8)  (Af  60) 
(e/.  Figure  2).  We  have  previously  reported  extrusions 
of  atomic  oxygen  from  organic  S-oxides;  however, 

t  Tentatively  it  is  suggested  that  sulphur  monoxide  is  involved, 
since  we  have  not  been  able  to  detect  SO  obviously  eliminated  at 
least  from  (3).  by  normal  70  eV  electron  impact  maat  spectro¬ 
metry. 
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rupture  of  the  semipolar  $-0  bond  apparently  requires 
ca.  90  kcal  mol'1.1*  which  may  suggest  that  surface 
catalytic  effects  are  operating  by  this  reaction.  Evi¬ 
dence  for  an  analogous  reaction  m  the  case  of  (2),  which 
apparently  would  result  m  formation  of  1.2.3-oxadithi- 
olan.  is  not  obtained,  since  no  signal  corresponding  to  the 
latter  til/  1081  was  detected.  Thus,  we  conclude  that, 
if  formed,  the  1.2.3-oxadtthioian  exhibits  a  half-life  <  ca. 
1  ms  under  the  actual  conditions  used.'  However,  a 
rapid  series  of  consecutive  reactions,  the  primary'  one 
being  a  suiphur  extrusion  from  1.2.3-oxadithiolan.  cannot 
be  excluded. 

Apart  from  the  ethvlene  formation  f  om  (31.  by  SO 
c-.tr.j.o...  ~auii..onaiiy  originate  from  ethylene 

sulphide  t8l .  Thermolysis  of  (3)  at  1  043  K  revealed 
nearly  quantitative  ethylene  formation  which  led  us  to 
suggest  that  formation  of  the  latter  by  thermolysis  of 
(21  most  probably  appears  as  a  secondary  product  origin¬ 
ating  from  primarily  generated  thiiran  (S).  the  latter 
being  a  result  of  sulphur  dioxide  elimination  from  i2). 

We  shall  now  turn  to  a  discussion  of  the  formation  of 
keten  and  acetaldehyde.  It  has  previously  been  reported 
that  sulphoxides  that  do  not  possess  3-hydrogens  can  he 
rearranged  thermally  into  the  corresponding  sulphenate. 
the  latter  consecimveiv  fragmenting  into  a  thiol  and  a 
caroonyi  compound  3-i:  In  the  case  of  (3)  a  sulphoxide- 
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Ficc*b  1  Field  ionization  mas*  soectra  o<  mercaotoacetalde- 
ftvde  before  th«rmoiv8i»  and  after  gas-pha^e  thermolvsw  at 
I  043.  I  25 3.  and  1  404  K 
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sulphenate  rearrangement  evidently  would  result  in  the 
formation  of  the  unknown  1.2-oxathietan  (1).  On  the 
ocher  hand,  a  chelotropic  elimination  of  sulphur 
monoxide  from  the  monothiosulpnite  (2)  analogously 
would  lead  to  (l). 

As  mentioned  above,  we  have  no:  been  able  to  detect 
any  product  with  molecular  weight  .V/  76  corresponding 
to  C.HjOS.  other  than  thiiran  1-oxide  (1).  It  is.  how¬ 
ever.  obvious  that  (1)  formed  under  the  present  reaction 
conditions  wiil  be  generated  in  a  vibrational  excited 
state.  Analogous  to  1.2-oxathiolan -3  it  is  higiilv 
likely  that  the  vibrational  relaxation  of  (1)  will  lead 
to  a  quantitative  degradation  of  the  latter  This  indi¬ 
cates  that,  if  formed.  (1)  exhibits  a  half-life  <  ca.  lO'^s 
under  the  actual  reaction  conditions.' 

Formation  of  keten  (6)  and  acetaldehyde  (7)  by  re¬ 
arrangements  and/or  fragmentations  directly  from  both 
(2)  and  (3)  can  be  expiair-d  only  in  terms  of  highly 
speculative  mechanisms,  whereas  a  straightforward 
rationalization  is  possible  assuming  the  common  inter¬ 
mediacy  of  1,2-oxachietan  (1). 

Drawing  a  parallel  to  the  previously  reported  thermal 
decomposition  of  1.2-oxathiolan  2,3  the  lirst  step  on  the 
decomposition  path  for  (1)  is  suggested  to  be  a  ring  open¬ 
ing  to  mercaptoacetaldehyde  (9).  consequently  followed 
by  loss  of  sulphur  and  hydrogen  sulphide  to  give  acet¬ 
aldehyde  and  keten.  respeemuy.  It  has  been  reported 
that  mercap  coacetaldehyde  (91  is  generated  by  cracking 
the  corresponding  dimer  2.5-dihydroxy-1.4-dithian.1' 
Smooth  cracking  of  the  latter  in  vacuo  followed  by  flash 
vacuum  thermolysis  of  the  generated  (9)  indeed  affords 
a  mixture  of  (61  ar.d  (7)  (Figure  3\  the  :  (7)  intensity 
ratio  being  qualitatively  m  accord  wuh  those  observed 
following  thermolysis  of  (2)  and  (31.  respectively 

With  this  background  we  rationalize  the  untmolecular 
gas-ohase  therrr.olyses  of  (21  and  (3)  as  visualized  in  the 
Scheme,  taking  the  above  results  into  account  for  the 
intermediacy  of  (1).  Although  cumulative  evidence  for 
the  intermediacy  of  (1)  m  the  gas-phase  thermoivses  of 
1.2.3-oxadithiolan  2 -oxide  and  thiiran  1-oxide  is  high  a 
direct  experimental  verification  under  such  conditions 
does  not  seem  feasible. 

Finally  the  appearance  of  formaldehyde  (5)  shall  be 
discussed.  The  unimolecular  decomposition  of  1.2-di- 
oxetans  affords  the  formation  of  two  carbonvi  com¬ 
pounds  "  :n  general  as  the  onlv  products  By  analogy 
to  this  it  might  have  been  expected  that  1.2-oxathietan 
would  lead  to  formaldehyde  and  thiotonnaidehvde  at 
least  to  a  reasonable  extent.  However,  only  very  minor 
amounts  of  formaldehyde  are  detected,  and  it  is  believed 
that  thioformaldehyde  formed  in  equimolar  amounrs 
may  wed  have  escaped  detection  owing  to  a  lower 
sensitivity  of  the  latter  relative  to  formaldehyde.  It  is 
generally  assumed  that  the  tirst  step  in  the  case  of  de¬ 
composition  of  1.2-dioxetans  is  a  homolytic  cleavage  of 
the  0-0  bond.  The  driving  force  in  the  consecutive 
cleavage  of  the  carbon-carbon  bond  7o  form  the  two 
carbonyl  compounds  mav  well  be  the  high  energy'  gain 
by  generation  of  the  carbon-oxygen  double  bonds.  In 
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the  case  of  (1)  a  similar  decomposition  pathway  would 
be  accompanied  by  a  smaller  energy  gam.  In  addition, 
the  rearrangement  may  be  strongly  facilitated  m  the 
monosulphur  case,  leading  to  (9).  due  to  stertc  effects, 
the  size  of  the  sulphur  atom  apparently  minimizing  the 
strain  in  the  transition  state. 
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Gas-phase  Thermolyses.  PartS.1  Gas-phase  Thermolysis  of  Methyl  and 
Ethyl  Monothioacetates  2 

By  Lar*  Carlsan  *  and  Helg#  Egsgeard.  Chemistry  Deoartment.  Rise  National  Laboratory.  DK-4000  Rosmlde. 

Oenmaik 

The  urumolecular  gas -omse  thermolvses  of  the  lour  rr.ethvi  and  ethyl  monothioacetates  (51 — IS)  have  been  studied 
by  the  tiasn  vacuum  thermoivsis-t<eid  omzation  mass  soectrometry  technique  >n  tne  temoerature  >ange  383  — 
1  404  K  The  tvoes  ot  reactions  verified  were  keten  formation,  thiono— thioio  rearrangement,  and.  in  tne  case  ol  the 
etny/  esters,  ethvrene  thmtnstion  The  oossiols  mecnanums  tor  keten  tormation  are  aiscusseo.  ana  it  conduced 
that  the  tniono-cjtoo»vntes  eliminates  (he  mercaotan  via  an  enetmonaeo  structure,  wnereas  tne  decomoos>tion  of 
the  thioio-esters  apoarentiy  oroceeos  vis  direct  1.2-e»minanon  of  the  thiols. 


Recently,  we  investigated  the  uni  molecular  gas  phase 
thermoiytic  decomposition  oi  a  series  ol  trimeth>  lsii> ! 
thtonocarboxylates  (1)  tn  an  attempt  to  study  the 
possible  application  to  thioketen  synthesis.1  However, 
the  conclusion  was  rather  surprising,  as  we  found  the 
ma»or  products  to  be  the  corresponding  ketens  <2: 
whereas  only  very  minor  amounts  of  the  thioketens  -Ti 
were  generated  A  possible  explana 


Rv*' 


t1  R2C=C--0  < 
12) 

1  aJcsc-s  < 
Ol 


and  ethv:  monothioacetates  (fi) — -8}  focusing  on  pos¬ 
sible  keten  formation 


CH,=C  =  0  .  RSM 


Y— R 
R 


f  this  reaction. 

(5) 

CH, 

s 

0 

•  TMS-SH 

(6) 

CH, 

0 

s 

173 

C,H, 

s 

0 

TMS-OH 

C,H, 

0 

s 

Experimental 


involving  :  pnmarv  rearrangement  to  the  corresponding 
tluob-estcr.  followed  Dt  an  immediate,  and  quantitative 
rethermolysis.  was  ruled  out.  partly  based  on  an  estimate 
of  the  thermodynamics  of  (he  former  reaction  Assum¬ 
ing  ±H.  a:  \G,  3;  —62  kj  mol'*  (« e  d5r  mo)1  for 
the  thmlo-ihiono  rearrangement,  the  equilibrium 
constant  f«»r  the  thtono-thiolo  system  can.  according 
to  the  van  t  Hoff  equation,  be  calculated  to  be  log.- 
K( 203  K)  3:  25  and  Iog,A‘(l  043  K)  x  7.  respectively, 
t  e  even  at  very  elevated  temperatures  the  thiono-esters 
will  be  the  thermodynamically  more  favourable  isomers 
On  this  background  we  concluded  that  the  ketens  most 
probablv  wc:“  generated  directly  from  the  thiono- 
carbo\yiates  The  mech«u'.::r  was  tentatively  formu¬ 
lated  to  involve  an  enetluolized  intermediarv  j;rncture 
{41. 

,SM 

r'r  JCH-C  X  - -  R1  R : C  =  C ^ 

0  — T  MS  "^O-TMS 

(4) 

I 

R'R^sCiiO  .  TMS-SH 

Although  the  gas-phase  thermolvses  of  some  thiono- 
anrl  thioio-esters  have  been  reported  previously.5-*  we 
here  report  initiated  by  the  above  study,  on  the  pure 
ttn (molecular  gas-phase  thermolvses  of  the  simple  methvl 


The  esters  G>  and  t S»  'sere  synthesized  by  alkylation  ot 
tluoacet-.;  acid  b.  methvl  and  ethyl  iodide.  rcspe«.t:w.  • 
Compound  o»i  had  b  o  97 —  )8  v!.t  9b  ’C)  and  'S'  b  p 
I  l.S — 116  ’C  tilt.’  1 16  4  ’Cj  Compounus  (5t  1  anu  T  i  ■ 
\wn-  svnrtieMznt  according  to  previously  iescrioed  met  nods 

FUin  l  i teuton  rAerni0(v-{ii  — The  tiiermoivse*  wrn* 
carried  out  using  the  Hath  vacuum  thermolvsis-rieiJ  ioniz¬ 
ation  mass  ^pectrometrv  (f.v  t  -f  i  m  s  \  teennique  whicts 
has  been  described  in  detail  previously  The  method  •* 
ha»ed  on  a  direct  combination  o(  a  thermolysis  unit  ful¬ 
filling  the  requirements  for  a  Knudsen  reactor,  with  a  Van- 
an  MAT  CH  SD  double  focusing  mass  spectrometer  equipped 
with  a  combined  electron  impact  lontzation-lieid  ionization- 
held  desorption  (e  t.-f.i  -f.d.)  ion  source.  The  f  i.  spectra 
after  rhermoivsis  were  recorded  with  a  scan  rate  oi  30 — 100 
A.u.  s  '  (signai-to-noise  >  l  000). 

Collision  activation  mass  spectra  11  were  obtained  by 
introducing  helium  as  the  collision  gas  via  a  needle  valve  into 
the  second  field-free  region  of  the  mass  spectrometer  The 
collision  gas  is  admitted  as  a  molecular  gas  beam  focused  on 
tne  son  beam  just  behind  the  intermediate  focus  slit  The 
c.a.  spectra  oi  the  single  ions  were  obtained  by  scanning  the 
eiectrostatic  field 

The  c  a  m.s.  analyses  of  the  thermolysate  mixtures  are 
generally  earned  out  on  the  single  heid  ionized  molecules.1* 
However,  the  compound  exhibiting  the  highest  molecular 
weight  m  the  reaction  mixture.  t.i.  in  the  present  case  the 
undecomposed  esters,  may  advantageously  be  analysed  by 
c  a  m  s.  of  the  molecular  ion  ;n  the  electron  impact  induced 
mass  spectrum,  as  this  ion  evidently  is  not  a  result  oi  ei. 
induced  fragmentation.  The  sensittvity  oi  the  c  a.m  s. 
analysts  is  hereby  enhanced  stronglv.  The  cams  spectra 
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of  the  single  ions  are  recorded  within  5  »  Ygnal  to-noisc 
ca  50  'f  i  — c  a  m  *.).  >  l  900  e  i  -c  i  m  s  ij 

The  relative  e  i.-c  a.m  s  and  l t  sensitivities  oi  the  single 
compounds  available  were  determined  using  the  gas  inlet 
system  at  the  mass  spectrometer  The  relative  ester  f  i. 
sensitivities  were  found  to  be  thiono'thiolo  I  T  the 
sensitivity  of  ethvlene  was  calculated  to  be  9  97  relative  to 
ethvl  thionoacetate  Additionally.  •.  should  be  mentioned 
that  the  thiono-  and  thiolo-esters  exhibit  equal  e  i  — ;  a  m  s 
sensitivities 

In  the  present  work  the  thermolvsts  unit  was  slighclv 
modified  compared  to  the  original  version  11  as  the  infection 
block  was  substituted  by  a  100  ml  glass  bulb  connected  to 
the  reactor  via  a  glass  capillary  leak,  the  leak  rate  being 
equal  to  ca  S  <  10"1  Torr  l  s'1  Samples  of  ca  10  ul  of  the 
single  esters  were  introduced  into  the  evacuated  buib  This 
set-up  is  advantageous  lor  recording  c  a.  spectra,  as  it 
allows  a  continuous  flow  of  thermolysis  products  trm  the 
ion  source,  it  is.  howev»r  only  suitable  lor  compounds  witn 
rather  high  vapour  pressures 

RESl  kTS  aNO  DISCVSSION 

During  the  past  decades  the  gas-phase  thermoiyses  •»* 
aikv:  caroo  writes  as  weii  as  the  corresponding  mmo* 
thio  a-.;r.-.  at.i  es.  have  been  studied  mtensiveiv  , 

H  *he  ;n*  estimations  have  almost  evetusr.  or. 

bre-n  limited  to  compounds  possessing  a  J-hvdrogcn  atom 
in  t fie  ester  aikvl  group  -n  order  to  emanate  •?;«  eiimin- 
atron  ■■  "cs  fn<m  these  esters  to  vtc.d  the  correspond¬ 
ing  \:s>ls  .‘'chime  l;  !n  contrast  to  tins  methyl  esters 

RJCH-C^ 

N'Y-“CRI9‘-ChR'r‘ 


/XM 

r'r:c^c  ♦  rVcscr’r1 

SCHtM*  l 

ha<.  e  onlv  been  studied  rarely.1  ll,:*  apparently  due  to 
their  iack  of  ability  to  undergo  a  similar  reaction  In 
no  cases  thermoiyses  under  pure  molecuiar  conditions 
have  been  reported  From  a  very  recent  study  >n  the 
unrmolecuiar  gas-phase  thermoivsis  of  methyl  acetate  in 
the  temperature  range  1  043 — 1  404  K  we  concluded  that 
the  predominant  reaction  is  an  oxygen -oxygen  methvl 
group  migration  accompanied  by  very  minor  amounts  of 
keten  formation  only  l* 

Thermoiysmg  f5i  and  (6)  at  1  043  K  resulted  in  the 
development  of  neariv  identical  spectra  (Figure  lj.  In 
both  cases  the  major  products  are  Keten  i9)  (M  42'  and 
methanethiol  (10)  I.V/  +8)  The  low  intensity  peak  at 
miz  58  which  a  prion  could  be  explained  as  a  minor 
amount  of  thioketen.  was.  upon  high  resolution,  sur¬ 
prisingly  found  to  be  a  C3H,0  isomer,  the  ununol#  cular 

•  A  possible  candidate  is  acetone  however,  owing  to  the  verv 
minor  amounts  ot  C,H,0  formed.  we  were  unable  to  obtain 
satisfactory  c  a  ipectra  to  elucidate  the  actual  structure  !</. 
re*  11*>. 


formation  of  this  compound  however,  at  the  present 
being  unclear  • 

It  is  observed  (Figure  1)  that  considerable  amounts  of 
the  esters  (M  90)  are  recovered.  In  this  connection  it 
Should  be  noted  that  Figure  1  is  onlv  a  representation  of 
the  relative  product  distributions  following  thermoiyses 


•if  the  respective  esurs  w her on*  .»  niutii.il  c«.m;-  .riv-n  nf 
the  inui'idu.u  vivid-.  >s  md  pu>*ihlc  10 

Ic  has  Vert  reported  r<r»*v  i.msiv  :fi.»t  thiuno-esters  ituv 
be  rearranged  thernuth  into  the  corrc'ik-naing  therm. >- 
dvnamicaily  mve  fa\ nurahle  thn»i«i*comtM»urids 
On  diis  background.  in  com.;,  ".it  ton  with  ti.c  aLi.ve- 
tnontioned  product  distribution.  :t  ;s  conceivable  that 
besides  direct  keten  formatian  ironi  the  single  esters,  one 
Shouwi.  in  the  case  oi  ;5i.  take  a  reaction  involving 
primarv  thionu-thiwio  rearrangement  followed  bv  me- 
thar.ethiot  elimination  trom  nil  into  account  \cf  seneme 
2‘,  Hence,  it  is  oDmous  that  a  detailed  examination  of 
the  peak  with  mu:  W  [tf  Figure  il  corresponding  to  the 
so-:ijied  unreacted  ester  is  appropriate  For  this  pur¬ 
pose  we  studied  the  c  a.  spectra  of  the  peak  with  m-r  JU 
iiter  thermolysis  oi  the  two  esters 


< 


CM^CrC  •  CHjSh 
[91  CO) 


.S-CH, 


In  Figures  2a  and  e  the  •:  a  spectra  of  the  molecuiar  :on 
(m<:  90)  of  unthermolysed  i5l  and  :6l  are  shown,  respec¬ 
tively  Additionally  the  c  a  spectra  of  the  peak  with 
*». z  90  after  thermoivsis  of  (5)  at  S-S3  l  043  and  l  404  K 
are  depicted  in  Figures  2b.  c.  and  d.  respectively  Bv 
elevating  the  thermoivsis  temperature  a  progressive 
relative  increase  m  the  intensity  of  the  peak  ol  mi: 
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43.*  corresponding  to  a  thermally  induced  intramolecular 
thiono-thiolo  £(51  — •»  <6)j  rearrangement,  is  seen.  The 
(51 .  ^61  ratios  are.  based  on  the  spectra  depicted  in 
Figure  2.  calculated  to  be  3.  1.0.  and  <0.05  following 
thermolysis  at  1  043.  I  253  (not  shown),  and  1  404  K. 
respectively.  The  reverse  reaction,  t  e.  a  possible  ;6l  — ~ 
(5i  rearrangement,  is  not  observed,  in  agreement  with 
the  much  higher  energy  of  activation  for  the  latter  reac- 


lir.uBt  1  Collision  actuation  mai»  spectra  ol  the  electron 
imract-iniiucL'<l  molecular  iom  nl  mcchvl  thionoacetate  wiinout 
itiermuiviii  HI.  follo«inc  thermolv*i*  at  S#:i  K  rb).  I  043  K 
tel.  anO  l  4iia  K  id),  respectively.  and  unthermoi\*etl  methyl 

thtoUhtcctJte  «1 

tion.  due  to  the  thermodynamic  stabilization  '»f  ('*)  bv 
ra  SO  kj  mol1  relative  to  foi  * 

To  elucidate  the  relative  importance  of  the  possible 
mechanistic  pathways  tor  keten  formation  outlined 
above,  the  keten  methyl  thioioacetaie  ratio  f(Dl  (6)] 
seems  to  be  crucial  Taking  the  above  calculated  (o|  (6) 
ratio  as  well  as  the  relative  thiono-thiolo  f.i.  sensitivities 
It. 7.  see  Experimental  sectiun)  into  account,  the  t9l  (6) 
ratios  after  thermolysis  of  (5)  and  (6)  at  l  043  K  were 
calculated  to  be  8  S  and  0  8.  respectively  (c/.  Figure  11. 
Thus,  by  thermolysis  of  (5)  no  more  than  ca.  10%  of  the 

•  The  presence  ol  in  M's  4:1  ion  iCH,CIO*l  m  thec  a  spectra  ol 
thionoacetatn  rejects  the  thiono-thiolo  isomemation  in  the 
loniied  slate  I A  Ohno,  T  Koiiumi.  Y  Ohmsni.  and  C  Tsuchi- 
hashi.  O'f  .Must  Sp«/rom  .  1970.  3.  2SI) 
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keten  formed  can  be  generated  t na  a  pathway  involving 
primary  rearrangement  into  (6)  followed  by  quantitative 
rethermoivsis  of  the  latter.  However,  in  general  the 
f.v.t.  merhod  used  only  causes  verv  low  degrees  of 
rethermoiyses.  owing  to  the  very  short  contact  times 
applied  vj.  30 O  xsi  10  On  tins  background  we  conclude 
that  the  major  fraction  of  the  keten  formed  originates 
directly  from  the  single  esters  (5)  and  (6).  respectively* 
Finally  it  should  be  mentioned  that  the  absolute  yield  or 
keten  is  ca  l  5  times  higher  alter  thermolysis  of  ;6i  than 
of  (5l  at  U)43  K 

In  Figure  3  the  f 1.  spectra  recorded  alter  thermolvsis 
of  the  ethyl  monothioacetates  i7>  and  I3|  at  1  4K4  K  are 
shown.  It  :s  immediately  seen  that  the  ethyl  case,  not 
unexpectedly,  is  much  more  complicated  than  the  above 
methyl  case 

Four  thermally  generated  fragments  dominate  the 
picture.  These  are  ethvlcne  (11)  (.V  2.8).  keten  -9)  ;.V/ 
42).  acetaldehyde  (12)  {.W  44 1 .  and  ethanethiol  (131 
(M  021.  In  addition  considerable  amounts  ol  so-called 
unreacted  gster  \M  1U4I  are  observed.  As  in  the  methyl 
case  the  low  intensity  peaks  at  >n.r  5.S  were  identified  xs 
’  C^HjO  '  in  the  following  we  shad  nrst  turn  to  a 
discussion  of  the  actual  composition  of  the  ester  peax  at 
m<:  104  based  on  a  c  a  m  s  analysis 

The  cams  soectra  of  unthermoJvsed  f 7)  and  8-  are 
depicted  m  figures  4a  and  e.  respectively  lr.  figures 
4b— d  the  c.a.  spectra  of  (7)  after  thermolysis  at  8S3. 
1  i)43  and  1  404  K  respectively,  arc  shown  Similar  to 
the  methyl  ester  case  a  smooth  progressive  conversion 


Figike  r>cii|  ionuat:on  mas*  spectra  ol  ethvl  ttlionoacetatr 
ana  ethvi  thioioacetaie  loilowmg  thermoivm  at  l  4*'*  K 

from  the  pure  unthermoiysed  tluono-ester  :  Figure  4a i  to 
the  corresponding  thiolo-ester  /  Figure  4e)  as  a  Junction  of 
temperature  is  observed.  Based  on  these  spectra  we 
calculate  that  following  the  thermolysis  at  l  404  K  > 
95%  of  the  so-caiied  unreacted  ethyl  thionoacetate  >7) 
has  rearranged  into  the  thermodynamically  more  staole 
thiolo-ester  (3),  i.e  the  peak  at  m.:  104  in  Figure  3a 
reflects  the  rearranged  ester  <S)  *nd  not  unreacted  i7. 
On  the  other  hand  the  ni’t  104  peak  in  Figure  3b  truly 
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reflects  unreacted  IS),  as  no  thiolo-thiono  rearrangement 
has  been  observed  m  the  temperature  range  studied. 

As  mentioned  above  the  thermoivsis  products  ob¬ 
tained  from  the  ethyl  monothioacetates  include  ethvlenc 
ill)  imit  25)  and  acetaldehyde  (12)  pw.:  44i  [cf  Figure 


wc  4  Cuili«ion  acto  aticn  m  i*»  «ptvira  oi  the  electron 
•  »»nvni  inilucm  moli cm. i r  <ini<  .Uni  tlimno.icrt.-tir  without 
tlMmgn*N  141  inllimin:  ihi ri'iiilv«i« it  nh.1  K  , t>l .  I  u43  K  'Cl. 
and  I  4**4  K  (til.  viv.  .inti  iini!tcmu.iy>cd  ctlivl 

. . .uiICt.Me  l-( 


ill  1 1* i’ll  products  are  hhewi*..*  funnel  after  thermolysis 
id  ethvi  acetate  The  elhv  icnc  tormatioti  is  c\piamed  by 
ti;e  pre%  tonsil-  mentioned  arrangement  [cf  ■'•chcmc  1 1 
The  acetaidchvUr  is  teuijti\ei\  suggested  to  originate 
extliisr.  et\  frmn  the  ester  aihi.w  moiety,  partlv  based  on 
an-il'igv  t  »  e’.ht  l  acetate  r  and  partiv  due  to  the  fact  that 
•  i->  acetaldehyde  is  ob-w.  r  e'l  .liter  thermolysis  ot  the 

corresponding  mvthvi  esters  , see  ab<ne( 

Fmaltt  the  kitten -ethanethioi  formation  is  discussed 
In  contrast  to  keten -nn-thanethiol  formation  to l lowing 
thermoivsis  of  {Si  and  t*»i.  the  possible  elucidation  oi 
•.lie  formation  of  (f)i  an<l  1 1 3)  following  thermoivsis  of  (7) 
and  (S.i  is  somewhat  complicated,  owing  to  the  concur¬ 
rent  formation  of  monnthtoacetic  acid  (14)  [cf  Scheme  l). 
since  a  possible  rethermoiysis  of  the  latter  will  lead  to  an 
additional  keten  formation  *  However  studvmg  the 

*  plash  vacuum  thermoivsis  oi  .'i4i  has  been  shown  to  lead  to 
considerable  amounts  oi  Xetcn '•  apart  Irani  the  previously 
u -sunbed  COt>  and  methane  “ 


ratios  between  the  absolute  yields  of  keten  (9).  ethvlenc 
(If),  and  ethanethioi  (13)  following  thermoivsis  of  (7) 
and  (8).  respectively,  at  l  4U4  K.  gives  valuable  inform¬ 
ation.  These  ratios  were  calculated,  based  on  the  mass 
spectra,  to  be  keten  ca.  &.  ethylene  ca  4 — 5.  and  ethane- 
thiol  ca.  2-5.  respectively  The  vaiue  for  ethvlene 
formation  is  in  close  agreement  with  previously  reported 
data  by  Btglev4  and  Louu  ‘  showing  the  higher  de¬ 
composition  rate  for  rite  :hu»n< •-<•*! er  Tite  crucial 
figure,  however,  ts  the  vaiue  for  ethanethioi  formation, 
of  necessity  following  keten  formation,  which  unambigu¬ 
ously  demonstrates  that  2  3  times  more  kctcn-ctiianc- 
thiol  are  generated  from  (7i  than  from  iS).  excluding  a 
rethermoiysis  of  primarily  generated  ;Sj  as  responsible 
for  the  maior  part  of  keien-cthauetiiioi  detected  follow¬ 
ing  thermoivsis  of  (7). 

On  the  above  background  we  are  forced  to  consider  a 
mechanism  for  keten  formation  by  ununoiectiiar  gis- 
pha.se  thermolysis  of  t liw.it. ucc tates  which  dues  not 
m\  oh  c  a  pnnnrv  n-arraugrin.-iit  to  the  thernioclvuam- 
icallv  more  stable  thioio.icit.itv?  although  the  existence 
of  the  iatter  reaction  ha*  hi«:t  dem.niNtratrd  unc-tuivn- 
Cully  The  only  reasonable  alurn.itn  appear*  to  be  the 
assumption  of  a  prinun  I  :i  carbon  to  sulphur  hvdrugeii 
migration,  followed  by  ehmuiatton  oi  the  mercaptan 
However,  it  is  eviphaMZid  that  >w  arc  unable  to  con¬ 
clude  whether  the  emthi.ui/ed  striw  lure  can  In-  regarded 
a>  an  intermediate  in  t It.-  r. ...  (mm  . simplv  t-  a  tr.ut-i- 
tloil  state 

The  kctcit-merc.iptaii  loruiatiou  from  the  tlo-.i..- 
c-'.t.r>  ..ti  the  i.i her  hand,  ir.o.t  pr.iit.diiv  taken  plat.  h\ 


direct  1.2  elimination  since  u*.  c'  idcncc  has  been  ob¬ 
tained  for  .i  primary  cnohiatioit.  te! licit  smuiariv  lias  b.-en 
ruletl  out  in  the  cases  of  nvthvl  ami  ethyl  acetate  by  “0 
labelling  experiment'  15  i: 

;l  I  Via  i-'fUW*  ‘lit  necrtiiOrr.  1981. 


RE!  F.RE.'.CEs 

1  Part  7.  L  Car.vtn  and  It  l.gMfuar-i  J  C>-r»i  S-je  .  Perttn 
T>a> m  i !»S_* 

1  Presentca  m  part  at  i.\  In:  s./np  ( *rg  jin/u:  ehem  Rijj. 
198(1 

1  L  Carben.  H  Egvcaard  E  Schaumann .  H  Mrourk  and 
\\  -R  Klein  J  Cue •  Soc  .  PnUtn  7">e.o  1980  1337 

1  ti  A  Gornoww.  and  J  \V  Kian.  J  Ort  C*r>n  .  19cS.  31. 

3439 

•  D  B  B.glev  and  R  E  Gabbott.  ]  Chrm  Soc  Perm*  Tram 
2.  I97j.  317 

P  C  Oeie.  A  T.nke.enbcr*.  and  R  Lotov.  Ttnamdro*  Ltit 
1973  2;17 j 

’  P  W  Wenzel,  pin  and  E  E  Reid.  /  4«i  O-em  Soc  1937 
59  1089 

*  Be.lwenis  Handb.ich  d^r  'irvanit-hen  Chenur  4  Ault 
7.  we  .te*  r.ryanzuny'wef  k.  Bd  II.  Spunecr  Hcrnn.  1^43  p  30*4 


243 


J.  CHEM-  SOC.  PERKIN  TRANS.  II  1982 

*  U.  Schmidt.  E.  Heymann.  and  K  Kabiulte.  Chtm.  Ber  . 
1961  98.  U?t 

“  L  Carlsen  and  H  Egsgaard.  Tkermttchtm.  Acta.  1980.  38. 

14  lat  K.  Lcvsen  and  H.  D  Beckey.  Org.  Mats  Spectrum  .  1974. 
9.  570:  6)  H  Egsgaard.  E  Larsen,  and  L  Carlsen.  J.  Anat. 

A  ppl  Pyroi..  1982.  4.  m  the  press. 

ls  S-  W  Benson  and  H.  E  O'N'eai.  '  Kinetic  Data  ol  Gas  Phase 
Unimolecular  Reactions.'  NSRDS-NBS  21.  Washington.  1970: 
R  Tavlor  :n  The  Chemistry-  ol  Acid  Derivatives.'  ed.  S  Patai. 
Wiley.  New  Yor*.  1979.  Suppl.  B.  ch.  15. 


1085 

41  M.  Mtyagawa.  Jpn.  0*1  Chtm.  Soc  .  1989.  13.  296:  M.  M. 
Gilburd  and  F.  B.  .Mom.  Kintt  Catai  .  197?.  13.  751. 

“  C.  D.  Hurd  and  F  H.  Blunck.  /.  Am.  Chtm.  Soc  .  1938.  80. 
2419:  K.  K.  Georgteif.  Can.  J.  Chtm  .  1932.  30.  J32. 

**  L.  Carlsen.  H.  Egsgaard.  and  P  Pagsberg.  J  Chtm  Soc  . 
PtYk*n  Tram.  2.  1981.  1256. 

"  F.  Duus  in  Comprehensive  Organic  Chemistry  eds. 
D.  H.  R  Barton  and  W.  D.  Olhs.  Pergamon.  Oxford.  1979  vol. 
3.  ch.  il.22. 

*’  H.  Egsgaard  and  L  Carlsen.  submitted  lor  publication 
11  L.  Carlsen  and  H.  Egsgaard.  unpublished  results. 


245 


APPENDIX  15. 


UNIMOLECULAR  GAS-PHASE  THERMOLYSIS  OF  ETHYL  ACETATE 

HELGE  EGSGAARD  AND  LARS  CARLSEN 

INT . J i MASS  SPECTROM.  ION  PHYS.  47  (1983)  55-58 


247 


International  Journal  of  Mass  Spectrometry  and  [on  Physics.  47  (1983)  55—38  5  5 

Elsevier  Scientific  Publishing  Company.  Amsterdam  —  Printed  tn  The  Netherlands 


UN l MOLECULAR  GAS-PHASE  THERMOLYSIS  OF  ETHYL  ACETATE* 

HELGE  EGSGAARO  ana  LARS  CARLSEN 

Chemistry  Department,  Riso  National  Laboratory,  DK-4000  Roskilde  (Denmark; 


ABSTRACT 

The  ummolecular  gas-pnase  thermolysis  of  etnyl  acetate  has  been  investigated 
by  the  Flash-Vacuum- Thermolysis/Field-Ionitation  Mass  Spectrometry  (FVT/FI-MS, 
method  in  comomation  with  Collision  Activation  (CA)  mass  spectrometry  at  1253X. 
Two  predominant  reactions  are  observed:  elimination  of  ethylene  affording  acetic 
acid,  the  latter  to  some  extent  consecutively  yielding  ketene,  and  intramolecu¬ 
lar  oxygen  to  oxygen  ethyl  group  migration.  Additionally  minor  amounts  of  acet¬ 
aldehyde  is  fomea.  The  mecnamstic  aspects  are  discussed  based  on  130  and 
!  JC  labelling. 


INTRODUCTION 

In  the  past  decades  several  groups  have  studied  the  fate  of  carboxylic  ac’L 
est<-rs  unce-’  gas-pnase  therr-olytic  conctions  (ref.l).  Especially  esters  posses¬ 
sing  a  G-hydrccen  in  the  ester  alkyl  moiety  nave  been  studied  extensively,  owing 
to  the  aoility  to  eliminate  alkene  yielding  the  correspond ng  carboxylic  acid. 

A  variety  of  reoorts  on  the  gas-phase  thermolysis  of  ethyl  acetate,  foev-*-?  cr 
the  f o'-tit' C'i  of  ethylene  ana  acetic  acid,  have  appealed  ( re . 2 ’  -  novveve-'.  nc 
detailed  st^dy  on  the  mecnamsms,  possibly  involved,  based  on  extensive  isotopic 
labelling,  has  been  reported. 

The  present  paper  reports  on  the  mecnanistic  aspects  of  the  thermal  deccmpo>i- 

1  Q  IQ  11 

tion  of  ethyl  acetate  (la)  in  the  gas-phase,  based  on  G  and  0/  'C  labelling. 


CH..C-0 

O-CHjCHj 


'O-CH.CH, 


CH,-C  ' 


'  0  -CHjCMj 


1  a 


1  b 


fc 


Tne  the’*molyses  were  carried  out  using  the  F lash-Vacuum-The^mclyS’ 5  r:e'C-!:- 
ni cation  Mass  Spectrometry  (FVT.  Fi-MSj  techmaue,  which  has  be-'-  de;c-i ce:  m 
detail  previously  (ref. 3-5).  To  eliminate  possible  surface  catalytic  effects  a'l 
thermolyses  were  carried  out  using  gold-plated  filaments  (ref, 5). 


RESULTS  AND  DISCUSSION 

Gas-phase  thermolysis  of  ethyl  acetate  (la)  at  12E3K  afforded  formation  of 


•Gas-Phase  Thermolyses  part  9;  for  part  8:  see  L.  Carlsen  ana  H.  Egsgaard,  J. 
Chem.Soc.  Perxin  Trans.  2,  (1982)  0000 
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ethylene  (A.*  28),  ketene  42),  acetaldenyae  (.*•;  44;  ,  ethanol  {M  46},  ano  acetic 
acid  (ff  60)^  {Fig.  la).  Significant  changes  are  ooserved  oy  introduction  of  ^0 

in  che  carbonyl  group  (lb),  as  the  following  products  are  observed:  ethylene  (:■: 

1 8 

28),  ketene  (M  42),  ketene-  O/acetaldehyde  (v  44),  ethanol  (/•/  46),  ana  a:etic 
18  1 3 

acid-  0  {H  62)  (Fig. lb).  Additional  isotopic  labelling  with  C  in  the  ester 

group  (1c)  afforos  further  characteristic  chances  in  the  product  ccmoosi tion: 
etnylene-^C  (;;  291,  ketene  (“  42;,  ketene-* ^0  {•;  44).  acetal :enyde-^C  (  ’  4?., 
ethanol- (::47),  anc  acetic  acia-loj  ("62:  fric.li/. 

Based  or,  these  results  tne  following  cone lusic--:  .on  crown  conce-ni r.c  the 
formation  of  acetaldehyde  and  ketene:  The  formation  of  acetaldehyde  is  exclusi¬ 
vely  associated  with  the  ethoxy  group  in  ethvl  acetate,  since  only  acetaldenyde- 
13  IS  13 

C  (/:  45)  and  no  acetaldehyde-  0/  C  (.7  47)  was  ooserved  after  thermolysis  of 
1c  (Fig.lc).  In  addition  thermolysis  of  ethyl-0-  acetate  resulted  in  the  forma¬ 
tion  of  acetaldehyde-0,  only.  A  mechanism  involving  a  hemolytic  cleavage  cf  the 
C-0  bond,  leading  to  acetyl-  and  ethoxy  radicals,  the  latter  consecutively  decom¬ 
posing  into  H ‘  and  acetaloehyde  seems  net  tc  be  operating,  as  ethoxy  radicals 
are  known  to  decompose  ummolecu larly  to  methyl  radicals  ano  formaldehyde;  only 
very  minor  amounts  of  acetaldenyae  could  be  detected  (re*. 7).  Furthermore,  the 
nanc lytic  f-0  bond  cleavage  would  require  -a.  83-90  kcal/’no)  (ref. 3),  >.n i cn 
most  probably  is  not  achievable  by  the  method  he*-e  applied.  A  more  reasonable 
exolanation  appears  tc  be  elimination  of  acetaldenyae  ufu  a  five-centered  trans¬ 
ition  state,  involving  an  a-hydrogen  if-  the  ethoxy  group,  leaving  C^CC-- ,  wnicn 
s  suggested  to  deccmbose  consecutively  into  methane  and  carbon  monoxide. 

Ketene  may  a  priori  be  generated  by  two  possiole  pathways:  a)  directly  frc:;i 
the  ester  by  ethanol  elimination,  or  b)  consecutively  from  primary  formed  acet;: 
acid.  Taken  the  Fl-sensi tivity  cf  ethanol  into  account,  it  can  be  estimated  that 
the  latter  is  formed  in  very  minor  amounts  only,  f.v-.  a  predominant  ketene  form¬ 
ation  directly  from  ethyl  acetate  C3n  be  excluded,  in  agreement  with  the  reported 
thermal  stability  of  methyl  acetate  towards  ketene/methanol  formation  (ref. 3). 
Consequently  ketene  is  generated  consecutively  from  acetic  acid  by  water  elimin¬ 
ation. 


CH3-C 


CN2  =  C=  0  +  CKjCHjOH 


OH 

CH,-C  - .  CH,  =  C  =  0 

0  ~"z° 


An  interesting  feature  of  the  ketene  formation  is  the  apparent  involvment  of 
the  caroonyl-  as  well  as  the  ether  oxygen  ir  ethyl  acetate,  the  two  ketenes  ap- 

*0ue  to  differences  in  Fl-sensitivities  the  relative  intensities  of  the  single 
peaks  cannot  te  taken  as  a  measure  of  chemical  yields. 
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'3, 

parently  being  formed  in  identical  yields,  as  demons t '’a tec  by  j  laD€‘lioc  (e*. 
Fig.'s  Ib.lc) .*  However,  since  the  water  elimination  from  acetic  acid  involves 
the  OH  group  only,  t.*.  the  ketene  retains  exclusively  the  caroonyl  oxygen,  the 
acetic  acid  of  necessity  has  to  be  completly  isomerizea  in  crae*-  to  exoiain  the 
results  visualized  in  Fig. 1 . 


m/z 


:0  to  60  80  m/z 


Fi  curg  l .  Field-ionizafcn 
mass  spectra  of  the  etnyl 
acetate:  la.  It,  ana  1c 
following  thermolysis  at 


1Z53K 


Figure  2.  Collision  .'Cfvation  mast 
spectra  of  tne  electron  ii'cact  inc..- 
c?o  molecular  ’on  of  etnyl  acvtat. 

1c  without  tr.ermoiyS'-s  =no  following 
thermolysis  at  12E2K 


The  existence  of  the  isomeric  mixture  of  acetic  acid  may  either  be  a  result 
of  primary  isomerization  of  the  ester  followed  by  ethyiene  elimination,  or  a  con¬ 
sequence  of  an  isomeri zation  of  the  acetic  acid  itself.  Fig. 2  depicts  the  CA  mass 
spectrum  of  the  El -induced  molecular  ion  of  1c  berore  and  arte*'  themci/sis.  ur- 
amDiguously  demonstrati ng  the  isomerization  of  the  est£'  ( c~\  ref.:i.  'he  decree 
of  isomerization ,  £,  is  reflected  in  the  m/z  73:71  ion  intensity  ratio,  cna'ig;ng 
from  0.27  in  the  authentic  sample  to  0.42  after  thermolysis,  in  agreement  with 
previous  results  reported  for  lb  (ref. 5).  On  this  basis  (2  is  estimated  to  be 
0.17.  Obviously,  Q  should  be  eaual  to  1.0  in  order  to  explain  foimiation  of  fully 

xThe  relative  intensities  of  m/z  42  and  m/z  44  have  to  be  corrected  due  to  con¬ 
tributions  from  acetaldehyde  [m/z  44)  (Fig. lb)  and  the  amounts  of  'etene  (n/s  42) 
generated  via  unlabelled  acetic  acid  (Fig.'s  1b, lc). 
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isome'-ized  acetic  acid  by  ethylene  elimination.  Furthermore,  an  equal  rr./z  42: 4a 
ion  intensity  ratio  is  observed  following  thermolysis  at  1043K,  at  wnich  tempe¬ 
rature  no  isomerization  of  tne  ester  could  be  detected.  Hence,  we  conclude  that 
the  isomerization  takes  place  in  the  acetic  acia  state. 

It  should  in  this  connection  be  noted  that  intramolecular  isomerization  of  a- 
cetic  acid  appears  to  be  ratrter  energy  demanding,  the  activation  energy  being 
calculated  to  be  cs.  50  kcal/mol  (ref.  9)*  On  the  otner  hand,  the  activation  ener¬ 
gy  for  ethylene  elimination  is  48.0  kcal/mol  (ref. 2).  Thus,  an  intramolecular 
isomerization  of  acetic  acid,  even  taken  into  account  that  the  latter  is  genera¬ 
ted  in  a  vibrationally  excited  state,  will  probably  not  occur.  Analysis  of  the 
gas-phase  thermolysis  of  ethyl-Oc  acetate,  ooviously  resulting  in  the  formation 
of  acetic  acid(OD),  revealed  only  unlabelled  acetic  acid.  Hence,  we  conclude  that 
the  apparent  isomerization  is  a  result  of  surface  promoted  hydrogen  exchange. 

Finally  the  ester  isomerization  reaction  shall  be  discussed.  In  the  case  of 
metnyl  acetate  (ref. 3)  it  was  demonstrated  that  isomerization  takes  place  uis 
a  four-centered  transition  state.  In  the  present  case  a  five-centered  transition 
state,  involving  a  simultaneous  hydrogen  shift  has  a  przcri  to  be  taken  into  ac¬ 
count.  However,  Ftg.2  unamoiguously  demonstrates  that  no  scramoling  of  the  car¬ 
bon  atoms  in  the  ester  group  takes  place  upon  thermolysis,  since  only  n/z  76, 
corresponding  to  loss  of  CH*  is  ooserved. 


o 

CH,-Ct 

O-CHjCH, 


X 


*0  —  C?i 
ch,-c:  „i  ;.h 

°“CH, 


CH,-C%  ..’CHjCHj 
vO 


CH,-C 


Vj-ck’ch, 

'0 


■■  I) 

,0  -CH2CHj 
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The  cyclic  sulfemc  ester  1,2-oxathiolane  (1)  decomposes  thermally  (400-450  K)  exclusively  to 
give  acrolein  (3)  via  3-mercaptopropanal  (2)  by  loss  of  hydrogen  sulfide.  Isotopic  labelling  experi¬ 
ments  reveal  the  presence  of  a  1,2-oxathiolane-thietane  1-oxidc  equilibrium  (1  ss  4). 

Thermischer  Zerfall  v0n  1.2-Oxathiolan  in  der  Gasphase*' 

Der  cyclische  Sulfensaureester  1.2-Oxathiolan  (1)  zersetzt  sich  thermisch  (400-450  K)  uber 
3-Mercaptopropanal  (2)  unter  Verlusi  von  H:S  ausschliefJlich  zu  Acrolein  (3).  Experiment  mil 
isotopenmarkienen  Verbindungen  weisen  auf  ein  1.2-Oxathiolan-Thieian-l-oxid-Gleichgewichi 
(1  =4). 


In  recent  papers  we  reported  the  decomposition  of  the  simple  five-membered  cyclic  sulfenate 
1,2-oxathiolane  (1)  in  the  gas  phase  under  flash  vacuum  pyrolytic  (FVp)  conditions U-Jl.  Acro¬ 
lein  (3)  was  found  to  be  the  major  product  l*  :‘:  however,  a  significant  amount  of  allyl  aicohol  was 
supplementary  observed Formailv,  the  products  arc  formed  by  elimination  of  hsdrogen 
sulfide  and  elemental  sulfur,  respectively.  The  present  paper  reports  a  study  on  the  thermal  de¬ 
composition  of  gaseous  1 ,2-oxathiolane21  in  a  static  system  in  the  temperature  ranee  400-450  K 
(p(l)  =  0.1  Torr).  The  reactions  were  carried  out  in  the  thermostated  gas-inlet  system  of  a  double 
focusing  mass  spectrometer,  the  progress  of  reactions  being  followed  by  field  ionization  (FI)  and 
collision  activation  <CA)  mass  spectrometry 

Results  and  Discussion 

Thermolysis  of  the  sulfenate  1  (A/  =  90)  in  the  temperature  range  400-450  K  af¬ 
forded,  in  contrast  to  the  FVP  studies,  formation  of  acrolein  (3)  {M  =  56)  as  the 
exclusive  product  (Fig.  la). 

HSCH,CH7CHO  - -  HjC-CHCHO  *  HZS 

I  2  3 

We  have  previously  discussed  the  formation  of  3  in  terms  of  a  primary  rearrange¬ 
ment  of  1  into  3-mercaptopropanal  (2)  {M  =  90) as  sulfenates  have  been  reported 
to  decompose  into  a  carbonyl  compound  and  a  mercaptane61,  and  since  an  identical 
decomposition  pattern  for  2  and  1  was  observed1-2'.  Also  under  the  present  conditions 
identical  thermal  behaviour  of  1  and  2  was  seen.  i.  e.  2  decomposes  exclusively  to  acro¬ 
lein  (3).  Thus,  following  the  thermal  decomposition  of  1  by  means  of  collisional 
activation  (CA)  mass  spectrometry  of  the  molecular  ion  rrx/z  =  90,  the  intermediacy  of 
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2  in  the  thermal  decomposition  of  1  was  clearly  demonstrated  by  the  appearence  of  a 
new  set  of  signals  in  the  CA  mass  spectrum  as  a  function  of  time  (Fig.  2).  In  Fig.  2b 
and  c  the  CA  mass  spectra  of  the  ion  m/z  =  90,  present  in  the  mass  spectrum  obtained 
after  35  and  50  mm  thermolysis,  respectively,  of  1  at  450  K  are  shown.  Comparison 
with  the  CA  mass  spectra  of  the  molecular  ions  of  authentic  1 ,2-oxathiolane:>  (Fig.  2a) 
and  3-mercaptopropanal7)  (Fig.  2d)  unambiguously  lead  to  the  assignment  of  the 
spectra  in  Fig.  2b  and  c  as  superpositions  of  the  spectra  in  Fig.  2a  and  2d,  hence, 
demonstrating  the  intermediacy  of  2,  the  latter  apparently  being  formed  by  intra¬ 
molecular  rearrangement  of  the  sulfenate. 


Fig.  1 .  Field  Ionization  Mass  Spectra  Obtained  Following  25  min  Thermolvsis  (425  K)  of  1 ,2-Oxa- 
thiclane  (1)  (a)  and  {SJ-^^-l^-Oxatniolane  (D  (b) 


No  data  on  the  strength  of  the  S-0  single  bonds  in  sulfenic  esters  have  been  report¬ 
ed.  However,  it  seems  reasonable  to  assume  that  the  1  —  2  rearrangement  involves  a 
S-0  bond  cleavage  followed  by  transfer  of  one  of  the  hydrogen  atoms  in  the  5-posi¬ 
tion  to  the  sulfur  atom,  3  being  consecutively  generated  by  a  1, 2-elimination  of  hydro¬ 
gen  sulfide.  To  obtain  experimental  verification  on  the  actual  mechanism  we  studied 
the  thermal  decomposition  of  the  (S.S-^jJ-l^-oxathiolane  (1').  Thermolysis  of  1' 
(425  K)  surprisingly  gave  rise  to  formation  of  two  deuterium-labelled  acroleins  with 
molecular  weights  57  and  58,  corresponding  to  the  presence  of  one  and  two  deuterium 
atoms,  respectively  (Fig.  lb).  The  actual  identity  of  the  acroleins  3‘  and  3”  was  estab¬ 
lished  by  CAMS.  In  Fig.  4  the  CA  mass  spectra  of  the  field  ionized  molecular  ions  of 
the  acroleins  3  (m/z  =  56),  3'  (m/z  =*  57),  and  3"  (m/z  =  58),  obtained  by  thermolysis 
of  l  and  1',  respectively,  are  visualized.  A  predominant  feature  in  the  CA  mass 
spectrum  of  3  (Fig.  4c)  appears  to  be  the  presence  of  an  [M  -  \\*  ion.  the  hydrogen 


1' 


HjOCHCDO  +  D,OCHCHO 
3‘  3' 
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Fig.  2  (left).  Collision  Activation  Mass  Spectra  (CAMS)  of  the  Electron  Impact-Induced  Mole¬ 
cular  Ions  of  Authentic  1 ,2-Oxathiolane  (1)  (a)  and  3-Mercaptopropanal  (2)  (d),  and  of  the  Ion 
m/z  »  90  Obtained  Following  35  (b)  and  50  (c)  mm  Thermolysis  (450  K)  of  l,  respectively 

Fig.  3  (right).  Collision  Activation  Mass  Spectra  (CAMS)  of  the  Electron  Impact-Induced 
Molecular  Ions  of  Authentic  Thietane  l-Oxide  (4)  (a)  and  of  the  Ion  m/z  =  90  Obtained  Following 
4  (b),  40  (c),  and  SO  (d)  mm  Thermolysis  (450  K)  of  4.  respectively 


being  lost  from  the  aldehyde  group51.  On  this  background  the  mono  deuterium-labelled 
acrolein  (3')  (Fig.  4b)  immediately  can  be  identified  as  (l-:H]acrolein,  since  an 
(M  -  21*  ion  was  detected.  By  analogy,  it  is  obvious  that  the  double  labelled  species 
3"  does  not  exhibit  deuterium  labelling  in  the  aldehyde  function.  A  detailed  study  on 
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the  CA  fragmentations  (Fig.  4,  central  sections)  does  not  disclose  the  identity  of  3",  as 
both  the  (3,3-2HJ-  and  the  (2,3-2Hi]  derivatives  would  give  rise  to  the  spectrum  depicted 
in  Fig.  4a.  However,  formation  of  (2.3-:HJacrolein  has  to  be  a  result  of  primary 
formation  of  3*mercapto~{2,3-1H2]propanal,  which  by  H;S/HDS  loss  would  lead  to  a 
mixture  of  [2,3-2HJ-  and  [3-2Hl  acrolein,  the  latter,  however,  unequivocally  being 
ruled  out,  as  the  only  mono-labelled  acrolein  found  (cf.  Fig.  4b)  exhibits  the  labelling  in 
the  aldehyde  function  (vide  supra).  Hence,  we  conclude  that  3'*  has  to  be  assigned  to 
I3,3-2H2]acrolein.  , 


0.1  0.2  Q.3  0.4  as  0.6  0.7  0.8  as  E 


Fig.  4.  Collision  Activation  Mass  Spectra  of  the  Field  Ionized  Molecular  Ions  of  the  Acroleins  3 
(c).  3'  (b).  and  3"  (a)  Obtained  Following  Thermolysis  of  1  and  1\  respectively 
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Obviously,  the  apparent  formation  of  the  acroleins  3'  and  3"  from  1'  is  a  resuit  of 
primary  formation  of  the  labelled  3-mercaptopropanais  2'  and  2".  consecutively  elimi¬ 
nating  HDS  and  HjS,  respectively. 

DSCHjCHjCDO  - -  HjOCHCDO  ♦  HDS 

2‘  3' 

HSCDjCHjCHO  - *  DjC«CHCHO  *  HjS 


The  formation  of  3'  is  in  complete  accord  with  the  above  proposed  mechanism.  On 
the  other  hand,  the  presence  of  3"  among  the  reaction  product:  is.  by  analogy,  easily 
expiamed  by  decomposition  of  [3.3-:H2]-l ,2-oxathiolane  (1").  i.  e.  apart  from  the 
1'  —  2'  —  3'  reaction.  al'“  1"  isomerization  has  to  be  taken  into  account.  It  has  been 
reported  that  suifenates  may  rearrange  into  sulfoxides 9>,  and  in  previous  papers ,lj0)  we 
reported  on  the  thermally  induced  rearrangements  of  sulfoxides  into  suifenates  Hence, 
it  seems  reasonable  to  formulate  the  1*  ~  1"  isomerization  to  proceed  via  the  sulfoxide. 
[2.2-:H:]thietane  1 -oxide  (4').  Experimental  verification  was  obtained  by  a  study  on  the 
gas  phase  thermolysis  of  thietane  1 -oxide  (4)  under  conditions  as  described  above.  In 
Fig.  3  the  CA  mass  spectra  of  m/z  =  90  originating  from  4  before  thermolysis  (a)  and 
following  thermolysis  at  450  K  for  4  (b).  40  (c).  and  80  min  (d),  respectively,  are 
depicted.  Comparison  of  Fig.  3b  and  2a  strongly  suggests  the  presence  of  considerable 
amounts  of  1  in  the  reaction  mixture  responsible  ;or  the  former  spectrum,  the  signifi¬ 
cant  ion  being  m/z  =  45.  Prolonged  thermolysis  (Fig.  3c  and  d)  resulted  in  the  charac¬ 
teristic  change  of  m/z  =  "3  (loss  of  *OH)  to  m/z  =  72  (loss  of  H>0),  the  latter  being 
accompanied  by  an  increase  m  the  relative  intensity  of  m/z  ~  57.  Both  these  fragments 
apy-a*  tc  be  characteristic  for  the  mercipto  aldehyde  2  (cf.  Fig.  2d).  The  eventual 
product  in  the  thermal  decomposition  of  4  was  exclusively  found  to  be  acrolein. 

0^°"  - —  H,C=CHCHO 

4  3 

On  the  present  background  we  are  able  to  rationalize  the  thermal  decomposition  of 
the  sulfenate  1  as  illustrated  in  Scheme  1  by  the  thermolysis  of  1\ 


Scheme  i 
D  D 


HSCDjCHjCHO  DSCHjCHjCDO 

l2'  l2' 

DjC=CHCHO  -  HjS  HjC=»CHCDO  +  HDS 

3*  3’ 
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It  should  be  noted  that  the  here  observed  sulfenate-sulfoxide  equilibrium  to  our 
knowledge  is  the  first  example  of  this  type  of  reaction,  which  involves  purely  aliphatic 
species. 

On  the  present  knowledge  no  conclusions  can  be  drawn  on  the  actual  pathway  for 
the  1  -•  2  rearrangement.  However,  we  suggest  that  a  1,5-biradical  is  involved  formed 
by  homoiytic  cleavage  of  the  S-O  bond.  Detailed  studies,  including  kinetic  measure¬ 
ments  on  this  reaction,  are  left  for  separate  investigations. 

Experimental  Part 

3-(  Phthaiirrudothto)- i-prapanol  and  3-{PhthaUmtdothio)-{l ,  1 -propanol  were  synthesi¬ 

zed  according  to  Davis  and  Whitham 1IJ. 

3-\fercapto-[l,l-2H J-l -propanol:  Under  nitrogen  28  g  (0.26  mol)  of  3-mercaptopropanoic 
acid  dissolved  in  100  ml  of  dry  THF  was  slowly  added  (ca.  2  h)  to  a  slurry  of  8.4  g  (0.20  mol)  of 
LiAlD4  in  200  ml  of  dry  THF.  The  resulting  mixture  was  refluxed  for  2  h.  After  cooling  to  0*0 
D-,0  (40  ml)  was  cautiously  added  (ca.  1  drop/5  s)  to  deactivate  the  complex.  After  completion  of 
the  deactivation  the  reaction  mixture  was  Tillered  and  the  precipitate  washed  with  3  x  50  ml  of 
THF.  The  combined  THF-phase  was  dried  (Na:S04)  and  evaporated.  The  crude  product  (11.9  g) 
was  purified  by  distillation:  b.p.  86-87°C/14  Torr  (lit.12'  87°C  at  14  mmHg),  yield  5.7  g  (23wo). 

A  substantial  amount  of  the  corresponding  3-mcrcaptopropanal  oligomer  was  obtained  as  by¬ 
product.  owir.g  tc  tne  ripid  oligomerization  of  intermediary  J-mercapcopropanal  in  the  reduction 
(cf.  ref.  '»). 

The  l  ,2-oxathto(anes  I,  1’  were  prepared  in  the  gas  phase  by  smooth  cracking  (in  vacuo)  at 
about  SO  -  100°C  of  the  corresponding  pnthalimidothiopropanols.  The  gaseous  sulfenates  were 
cc'l-cted  directly  in  the  ihermostaied  gas-inlet  system  (2000  ml.  p  -  10"  ’  Torr.  T 400  -  450  K)  of 
the  mass  spectrometer,  which  acted  as  reaction  vessel  in  the  thermolysis  experiments. 

Authentic  3-mercaptopropanal  (2)  was  prepared  by  smooth  cracking  in  vacuo  (  »  100*0)  of  the 
corresponding  oligomer,  which  was  synthesized  as  described  previously  by  Schnobel  et  al ,J)  (cf. 
also  ref. n). 

Mass  Spectrometry:  Vartan  MAT  CH  5  D  double  focusing  mass  spectrometer  with  combined 
El/FI/FD  ion  source.  Fl-spectra:  10  um  tungsten  wire,  activated  in  benzonunie  vapour,  as 
emitter.  In  the  MS/MS  analyses  the  primary  ions  were  selected  at  a  resolution  of  ca.  500  and 
collisionally  activated  in  the  second  field  free  region  by  means  of  a  molecular  He-gas  beam.  The 
CA  mass  spectra  are  obtained  under  identical  conditions  (i.  e.  energy  resolution,  collision  gas 
pressure)  and  are  uncorrected  for  contributions  of  unimolecular  fragmentation  processes.  The 
application  of  FI  and  CA  mass  spectrometry  as  analytical  procedure  for  gas  phase  reactions  has 
been  described  in  detail  previously  J-4>. 


n  Gas  Phase  Thermolvses.  pan  X:  for  part  IX  see  H.  Egsgaard  and  L.  Cjrlsen.  Int.  J.  Mass 
Spectrom.  Ion  Phys.  47.  55  (1983).  -  L.  Carlsen,  H.  Egsgaard,  and  D.  N.  Harpp,  J. 
Chem.  Soc.,  Perkin  Trans.  2  1981.  1166. 

n  L.  Cjrlsen,  H.  Egsgaard.  C.  H.  Whiiham ,  and  D.  N.  Harpp,  J.  Chem.  Soc.,  Chem. 
Commun.  1981,  742. 

H.  Egsgaard,  E.  Larsen ,  and  L.  Carlsen,  J.  Anal.  Appl.  Pyrol.  4,  33  (1982). 

4)  L.  Carlsen  and  H.  Egsgaard.  Thermochim.  Acta  38,  47  (1980). 

^  Field  ionization  gives  in  general  rise  to  molecular  ions  only.  The  fragmentation  pattern  obser¬ 
ved  by  CA  induced  decomposition  closely  resembles  that  observed  by  electron  impact  induced 
decompositions  (cf.  ref.  J,>. 
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D.  B.  Barnard-Smuh  and  J.  F.  Ford.  Chem.  Commun.  1965.  120;  W  Carmthen.  1.  D.  Ert - 
wait,  R.  A.  W.  Johnstone,  and  B.  J.  Millard.  Chem.  Ind.  (London;  1966.  342;  £.  G.  Miller, 
D.  R.  Rayner,  H.  T.  Thomas,  and  K.  Misiow,  J.  Am.  Chem.  Soc.  90.  4861  (1968). 

^  The  identity  of  2  was  established  by  IR  spectroscopy  \L.  Cartsen,  H.  Egsgaard.  F.  S.  Jorgen¬ 
sen.  and  F.  M.  Hicolaisen,  J.  Chem.  Soc.,  Perkin  Trans.  2.  in  pkss).  The  possible  presence  of 
the  isomeric  species.  1-thietanol  ( Givaudan .  L..  et  Cie.  5.  A.  (inv.;  P.  Dubs.  H.  Kuntzel.  and 
M.  Pesaro).  Ger.  Offen.  2.  314. 103  (18.  Oct.  1973)  {Chem.  Abstr.  80.  14833  n  ( 1974)1),  can  be 
excluded,  at  least  in  the  actual  temperature  range,  since  calculation  of  the  heat  of  formation  of 
the  two  isomers,  cf.  S.  W.  Benson,  Thermochemical  Kinetics.  Ind  ed..  Wiley.  New  Yorx  1976. 
revealed  that  3-mercaptopropanal  is  the  more  stable  isomer  by  ca.  15  kcal  mol" 

81  H.  Budzikiewtcz.  C.  Djerassi.  and  D.  H.  Williams .  Mass  Spectrometry  of  Organic  Com¬ 
pounds.  pp.  130-131.  Holden-Day,  San  Francisco  1967. 
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Gas-phase  Pyrolysis  of  Methyl  Dithioacetate.  The  Absence 
of  a  1,3-Methyl  Group  Migration '+ 

URS  CARLSEN"  ana  HELGE  EGSGAARD 

Chemistry  department,  Rise  National  Laboratory.  OK-aQOO  RoskikJe.  Denmark 


We  have  studied  the  flash  vacuum  pyrolysis  o(  methv! 
dithioacetate  (1)  by  application  of  the  gas-ohase  Curie- 
potnt  pvrolvvs  technique,  with  mechanistic  information 
beme  obtained  bv  use  ot’  specific  sulphur-34  labelling, 
application  of  a  D-O-saturated  pyrolvsis  system  revealed 
evidence  for  the  intermediacy  of  an  enethiofized 
tautomer  of  (1). 

In  recent  papers  we  reported  on  the  ummolecuiar  1.3* 
oxvgen-to-oxygen  mcthvl  group  migration  in  methyl 
acetate.2  as  weil  as  the  thioxo-to-thiolo  rearrangement 
of  methvl  thioxoacetate1  under  flasn-vacuum-pyrolync 
conditions.  In  contrast  to  carboxylic  esters,  reports  on  gas- 
pnase  pyrolyses  of  the  corresponding  dithio  analogues 
are  rather  limned,  and  only  esters  possessing  a  jJ-hyoro- 
gen  m  the  ester  alkvl  function  have  been  considered.1 
owing  to  their  ability  to  eliminate  alkene.  In  order  to 
studv  the  ummolecuiar  ester  pvrolysis  we  studied  the 
flasn  vacuum  pyrolvsis  of  methyl  dithioacetate.  possibly 
to  elucidate  an  expected  IJ-suIpnur-to-sulphur  methyl 
grouo  migration. 

It  has  been  reported  that  methvl  dithioacetate  ft),  in 
,ke  josencc  of  surface-cat alvrc  react. ons.  upon  gai-onase 
pyrolvsis  apparently  gives  rise  io  me  thiokr.ene  (2)  and 
methanethiol  1 3)  oniv  5  However,  owing  to  the  equality 
ot  the  iwo  hetero-atoms  in  (1).  *e  were  unaole  to  eluci¬ 
date  the  possible  simultaneous  operation  of  a  1.3- 
suiphur-to-sulohur  methvl  grouo  migration.  In  order  to 
cmam  mecr.i.-.istic  it.ytght.  sulohur-34  labelling  of  the 
thiocarbonvl  group  of  (I)  was  earned  out. 

Resets  ana  Discussion 

The  mass-spectrometric  analysis  of  the  product 
composition  following  pyrolvsis  of  JiS-iabeiled  (I) 


(7  «  1253  K)  revealed  that  the  isotopic  pattern  in  the 
resulting  thioketene  mimicked  that  in  me  starting 
matenal.  whereas  the  corresponding  methanethiol 
exhibited  only  the  natural  abundance  of  -;iS  (Figure  1) 
Hence,  we  conclude  '-hat  the  exclusive  formation  ot  <2! 
is  a  result  of  a  1 .2-eiimination  of  f3). 


In  orevious  papers  we  have,  by  application  of  collision- 
activation  mass  spectrometry.  unamoiguouslv  demon¬ 
strated  the  presence  of  pyfOivttcallv  inouced  isomeriza- 
tions  of  methvl  acetate-  and  methvl  thioxoacttate  i 
However,  m  contrast  to  methvl  acetate-  and  methvl 
lh10xoacetatc,  an  analysis  of  the  molecular  ion  of  me 
^•labelled  (l)  (m/;  1  Oij  1  bv  coilision-act. vation  mass 
spectromctrv  revealed  that  no  isomerization  or  (I) 
apparently  takes  place  (7  s  1  253  K.),  since  the  specira 
appear  virtually  identical  before  and  after  pyrolvsis  on 
this  oasis  we  are  forced  to  conclude  mat  no  1.3-sulpnur- 
to-sulphur  methyl  group  migration  takes  place  to  anv 
significant  degree  upon  pvrolvsis  of  ( l)  * 


figure  1  Fieid-iomzation  mass  spectra  of 

methyl  dithioacetate  ia>  0«<or«  oyroiysn  and  (bi  ol  the 

product  mixture  following  pyrolysis  at  12S3  K 


*To  receive  jny  correspondence 

'This  is  a  Short  Piper  is defined  m  ihe  Instructions  for  Authors 
[/  Chem.  Re  search  <S).  1*^4.  Issue  l.  p  iv],  mere  is  therefore 
no  corresponding  matenal  in/.  Chem  Research  fVi 


The  apparent  absence  of  the  IJ-methyl  grouo 
migration  seems  surprising  for  the  following  reasons:  Id) 
geometrically  the  isomenzation  would  be  as  favourable 
as  that  of  methvl  acetate.2  the  reaction  passing  ihrougn 
a  symmetric  transition  state,  [b)  (1)  possesses  cts- 
geometry  in  the  gas  phase;'  and  (c)  the  involved  bending 
modes  l<  SCS  and  <  CSC)  are  expected  to  exhibit  force 
constants  of  lower  values  than  the  corresponomg  moues 
in  methyl  acetate.  Although  no  knowledge  of  the  actual 
magnitude  ot  these  force  constants  in  (1)  is  available, 
the  latter  argument  has  been  supported  by  semi-empirical 
MNOO  calculations,  suggesting  the  activation  bamer  for 
the  isomerization  of  1 1 )  to  be  ca.  50  kj  mol' 1  lower  than 
that  for  methyl  acetate.5 

From  this  background  we  concluded  that  the  isomen¬ 
zation  reaction  was  hindered,  most  probably  owing  to 
change  of  the  thiocarbonvl  function.  A  priori  u  is 
suggested  that  pyrolvtic  fon  .ation  of  the  enethiol 
tautomer  (4)  of  (l),9  the  latter  immediately  reversing 
to  (1)  bv  thermal  quenching  upon  collision  with  the 
cold  reactor  wails,  is  responsible  for  the  thiocarbonvl 
blockade. 

It  is  well  established10  that  labile  hydrogens,  as  e  g 
HS— .  mav  exchange  w»h  hydrogens,  present  as  surtace- 
bound  water  by  molecule-wall  collisions,  in  contrast  to. 
e  g..  CH  hydrogens,  which  in  general  are  left  unaffected 
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To  study  a  possible  exchange  reaction,  which  apparently 
would  demonstrate  the  presence  of  the  enethiol  structure, 
we  studied  the  molecular  ion  pattern  of  (1)  before  and 
after  pyrolysis  applying  a  reactor  continuously  being 
saturated  with  D-.Ol.cf.  Experimental  section).  Following 
pyrolysis  the  relative  intensity  of  the  ion  of  miz  107 
unambiguously  increased  (relative  m/z  106/107/108: 
intensity  ratio  before  pvrolysis.  100/5.0/9.1;  after 
pyrolysis  (f  -  1043  (C).  100/11.1/10.5),  unequivocally 
demonstrating  incorporation  of  deucenum  in  the  ester, 
which  escapes  the  reactor  undecomposed  (C,H}DSj*: 
miz  107). 

In  order  to  elucidate  the  actual  position  of  the 
deuterium  atom  in  ihts  ester  we  studied  the  collision- 
activation  mass  spectra  of  the  ion  mil  107  before  and 
after  pyrolysis  of  (1)  in  the  presence  of  D;0.  Figure  2 
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ano  iDi  alter  pyrolysis  at  t(K3  K 

visualises  partial  collision-activation  mass  spectra 
(0.5-0.O  E)  ot  the  ton  miz  107  berore  and  after  pyroivsis. 
Before  pyrolysis  this  ion  consists  of  contributions  trom  ( 1 ) 
carrying  one  l5C  or  one  J,S.  The  peaks  at  miz  59  3nd  60 
in  the  collision-activation  spectrum  (Figure  2(a)i  reflect 
the  permutation  of  these  isoiopes  in  the  CHjCzS*  ion. 
The  miz  59:60  intensity  ratio  can.  based  on  the  natural 
abundances  of  l3C  and  J,S.  be  calculated  to  be  0.63. 
which  agrees  with  the  pattern  depicted  in  Figure  2(a). 
Obviously  incorporation  of  a  deuterium  atom  in  the 
acid  methyl  group  tn  ( I)  woufd.  upon  cofhsion-activatton. 
result  in  an  increased  intensity  of  the  miz  60  peak 
relative  to  m/z  59.  owing  to  a  contnbution  from 
CH-DC=S*.  corresponding  to  the  contribution  of 
CH;DC(S)SCHj*'  tom/z  107.  whereas  deuterium  incor¬ 
poration  in  the  ester  methyl  would  increase  the  miz 
59:60  ratio  The  spectrum  depicted  tn  Figure  2(b) 
unambiguously  demonstrates  the  former  effect.  In  the 
case  of  methyl  acetate,  whereas  no  indications  of  an 
intermediary  enol  structure  have  been  obtained.®  an 
analogous  experiment  revealed  no  deuterium  incorpora¬ 
tion.  i.e.  no  direct  H-D  exchange  of  the  methvl 
hydrogens  apparentiv  takes  place.  Hence,  the  inter¬ 
mediacy  of  the  enethiol  tautomer  (4)  is  hereov  visualized, 
i.e.  ihe  gas-phas<  pyrolysis  of  (1)  can  be  rationalized  in 
terms  of  two  concurrent  reactions,  wmch  are  (a) 
methanethiol  elimination  to  generate  <  2)  and  (6 )  a  U  W  4 ) 
tautomenzation. 
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From  the  above  we  conclude  that,  although  the  1.3- 
methyl  group  migration  from  a  theoretical  point  of  view 
appears  reasonable  and  feasible,  the  experiments, 
demonstrating  the  operation  of  the  flH4)  tautomen¬ 
zation,  explain  the  absence  of  the  former  reaction. 

A  comprehensive  study  on  the  possible  significance 
of  enol/enethiol  structures  in  the  thermailv  induced 
reactions  of  simple  acetic  esters,  and  the  corresponding 
mono-  and  dithio-analogues.  is  presently  being 
conducted.  It  should,  nevertheless,  be  noted  that  the 
thioketene/methaneihiol  formation  apparently  takes 
place  directly  from  the  non-eneihiolized  (1):  however, 
the  present  technique  does  not  allow  determination  of  the 
ratio  at  pyrolysis  temperatures. 


Experimental 

The  flash  vacuum  pyroivsis  experiments  were  earned  out  bv 
ihe  rVR-Fl.MS  teennique  as  desenbed  in  previous  papers.11-*1 
Product  compositions  were  obtained  by  field-ionization  mass 
spectrometry:11  possible  isomerization  reactions  were  studied 
by  coilision-activauon  mass  spectrometry  of  the  clcciron-impact- 
induced  molecular  ;ons,:;  (n  general  the  pyroivsis  technique 
here  applied  (FVP-FIMS)  gives  nse  only  to  ummolecuiar 
reactions. 't-1*  All  pyrolyses  were  earned  out  by  application  of 
goid-p laied  filaments  mi  order  to  avoid  junace  cataiync 
reactions. -J 

Co-pyrolvhs  expenmenu  were  amed  out  bv  simultaneous 
introduction  of  the  ester  U)  and  D^O  to  the  pyrolysis  reactor 
using  the  conunuous-flow-mlet  system.1* 

S-.Weihvf  (3*Sii0;thioocriet*.  -  The  ester  |!)  (I  mmol)  was 
heated  io  100  *C  for  bO  h  together  with  J1S  U  mmol)  l90V 
Monsanto  Research  Corporation)  u\  a  sealed,  evacuated  grass 
amooute  icf  ref.  IS).  The  reaction  nurture,  contain. ng 
CH\C(J*S]SCHs  in  ca.  30%  yield,  was  used  without  further 
purification. 
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Summary:  Pyrolytic  decomposition  of  the  eight-membered 
HNS  ring  has  been  studied  bv  field  ionization  mass 
spectrometry  and  uv-photoelectron  spectroscopy .  Eviden¬ 
ce  for  the  formation  of  the  parent  sulphur  diimide  is 
presented.  A  similar  behaviour  was  observed  for  the 
methyl  derivative  Me  N  S 

1  l»  4  L. 


Key-words:  Sulphur  Diimide,  Pyrolysis,  Field  Ionization 
Mass  Spectrometry,  Photoelectron  Spectroscopy 
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Sulphur  dlimides  T_  (R  =  alkyl,  aryl)  are  well  known 
compounds,  their  physical  properties  being  well  estab¬ 
lished.1  However,  the  parent  species,  sulphur  diimide  1 
( R  “  H) ,  has  hitherto  remained  undetected.  The  present 
communication  describes  the  formation  of  sulphur  diimi¬ 
de  (_1_,  R  =  H)  by  pyrolytic  decompos  it  ion  of  the  eight 
-membered  ring  system  R  N  S  2  (R  =  H). 

As  part  of  a  progressing  study  on  the  possible  forma¬ 
tion  of  thionitroso  compounds  (R-N=S),  we  studied  the  py¬ 
rolytic  decomposition  of  2,  since  the  latter  formally  can 
be  regarded  as  a-R~N=S  tetramer,  the  pyrolyzates  being 
analyzed  by  field  ionization  mass  spectrometry  (fims)2  . 
and  photoelectron  spectroscopy  (pes).3 

To  elucidate  the  decomposition  of  2  (R  =  H),  we  pv- 
rolyzed  the  latter  under  flash  vacuum  conditions,  apply¬ 
ing  the  Curie  point  pyrolysis  principle2  at  1043  and 
1251K,  the  reaction  mixture  being  analyzed  by  fims  (Fi¬ 
gure  1).  In  order  to  avoid  surface  promoted  reactions, 
all  hot  surfaces  were  gold-plated.1* 

Pyrolysis  at  1043K  revealed  the  formation  of  a  sing¬ 
le  major  product  only,  exhibiting  a  molecular  weight  of 
62.  Increasing  the  pyrolysis  temperature  to  1251K  af- 


Figure  1.  Field  ionization  mass  spectra  of 
unaecomposed  2_  (R  »  H)  (a),  and  following 
pyrolyses  at  1043K  (b)  and  1251K  (c),  re- 
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forded  a  pronounced  decrease  in  the  yield  of  "62"  with 
a  simultaneous  appearance  of  a  product  with  molecular 
weight  30.  Taking  ir;to  account  that  the  two  products 
can  consist  of  hydrogen,  nitrogen,  and  sulphur  atoms 
only,  we  unambiguously  could  assign  the  "62"  to 
and  "30”  to  H2N2,  respectively. 

A  priori  sulphur  diimide  J_  (R  =  H)  as  well  as  two 

further  H  NS  isomers,  the  thiaziridine  (3)  and  the 
2  2  — 

thionitroso  amine  (£)  ,  respectively,  have  to  be  consi¬ 
dered  as  possible  candidates  for  "62",  whereas  diimine 
(_5)  most  probably  can  be  assigned  to  "30”. 

HN=S=NH  HN - NH  H  N-N=S  HN=NH 

\s/  ^ 

1  3  4  5 


For  comparison  we  carried  out  an  analogous  series 

v 

bf  experiments  using  the  tetramethyl  derivative  of 
(i'  R  ’  CH3J- 


Fvp-fims  at  1043K  revealed  formation  of  compounds 
with  molecular  weights  of  90  (major)  and  58  (minor), 
respectively.  In  accordance  with  the  above  discussion. 


\ 

\ 
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the  "90"  could  be  assigned  to  (CH^N^S,  i_.e.  the  sul¬ 
phur  diimide,  the  thiaziridine,  or  the  thionitroso  amine 
isomer.  The  pes  analysis  of  the  pyrolyzates  disclosed, 
on  comparison  with  known  ip.'s,  dimethyl  sulphur  diimide5 
being  generated  from  2  (R  =  CH  :  ip.’s  8.10,  9.05,  10.91, 
11.60,  12.50,  13.1,  and  13.7  eV)  wesides  traces  of  S2 
ac  T  <  800K,  S2,  H^S,  N2,  and  methyl  radicals  being  the 
main  products  at  temperatures  above  1000K.  In  contrast 
to  the  parent  compound,  2  (R  =  CH  )  was  seen  in  the  pe 
spectrum,  as  this  species  was  easily  volatizable. 

It  has  previously  been  reported  that  2_  (R  =  H)  ther¬ 
mally  decomposes  uncontrollably,  the  final  products  be¬ 
ing  S^N^,  S  ,  and  NH^.6  T;.is  was  confirmed  in  tne  pre¬ 
present  study  by  analyzing  the  pyrolyzates  using  uv-pes: 
Apparently  2.  (R  *  H)  did  not  sublime  from  the  sample 
reservoir,  but  rearranged  obviously  in  the  molten  state 
under  extrusion  of  S^,  SN ,  N  ,  S2»  NH  ^ ,  and  H  2S ,  all  of 
which  were  identified  by  comparison  with  known  pe  data. 

It  should  be  noted  that  small  inorganic  fragments  in  ge¬ 
neral  escape  detection  by  the  finis  technique.2  However, 
it  must  be  considered  that  some  of  the  decomposition 
products  observed  by  the  pes  analysis,  which  apparently 
are  results  of  extensive  degradations ,  obviously  may  be 
a  consequence  of  surface  (Mo  as  well  as  AljO^J  promotion. 
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Taking  the  data  obtained  for  the  methyl  derivative  as 
supportive,  we  conclude  that  flash  vacuum  pyrolysis  of 
2  (R  -  H,  CH^)  leads  to  the  formation  of  the  sulphur 
diimides  ( R  =  H ,  CHj),  the  formation  of  the  parent 
compound  _1_  ( R  =  HI  hereby  being  established  for  the 
first  time.  At  higher  temperatures,  the  sulphur  diimi¬ 
des  apparently  eliminate  sulphur,  possibly  via  the 
three-memoered  thiaziridines  to  form  the  corresponding 
diimines . 

a  a 

RN  S„ - -  RN=S-NR  - -  RN-NR  +  S 

4  4  4 

111 

R  »  H,  CK , 

A  thorough  discussion  of  the  pe  spectroscopic  data  with 
special  emphasis  on  conformational  features  of  1  (R  = 

H)  will  be  given  elsewhere.7 
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of  surface  composition  on  the  course  of  reaction  is  discussed, 
advocating  for  the  application  of  gold  coated  surfaces  to  mini¬ 
mize  surface-promoted  reactions.  Chapter  5  deals  with  low-pres¬ 
sure  gas-kinetics  on  the  basis  of  an  empirical  'effective 
temperature'  approach.  Chapter  6  gives  a  short  summary  of  the 
main  achievements,  which  are  the  basis  for  the  present  report 
and  Chapter  7  is  the  reference  list.  A  Danish  summary  and  18 
appendices,  consisting  of  previously  published  papers  in  the 
period  1980-1986  are  included  as  separate  sections. 


